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ABSTRACT -  ,. 
i\ i 
The process developed under t h i s  con t rac t  kee t s  the  LSA 
Projec t  ob jec t ive  of demonstrating .eechnical f e a s i b i l i t y  - fo r  high-.  
,I*-'i 
woiume production of so$l;iii -$ell .-grade $ s i l i c o n .  F~ The process 
cons is t s  of producing s i l k a n  from raw mater ia ls  via. 
t h e  carbothermic reduction of quar tz .  ':his s i l i c o n  was 
then pur i f i ed  t o  s o l a r  -grade by impurity segregat ion during 
,\ Czochralski c r y s t a l  growth. Commercially ava i l ab le  raw 1 
mater ia ls  were used t o  produce 100-kg q u a n t i t i g s  of s i l i c o n  , 
during 60-hour periods i n  a Direct  Arc Reactor. This s i l i c o n  
I i had impurity concentrations of l e s s  than 10 ppmw each, - i, 
except f o r  A 1  and Fe (50-100. ppmw) . P u r i f i c a t i o n  of t h i s  i 
I 
mater ia l  by Czocilralski c r y s t a l  growfh gave s i l i c o n  of  ' 1 
semiconductor p u r i t y ,  except f o r  A 1  (1  ppma) , B (7  ppma, 0 . 1  
ohm-cm), and P (0.5 ppma). This s i l i c o n  produced s i n g l e  
c r y s t a l l i n e  i n g o t ,  during a second Czochralski p u l l ,  t h a t  
was fabr ica ted  i n t o  s o l a r  c e l l s  having Mf1 e f f i c i e n c i e s  W 
ranging from 8 .2% t o  g rea te r  than 142 (AR-coated) . An energy 8 1 
ana lys is  of the  e n t i r e  process indica ted  a 5-month payback P 1: - 
t i m e .  A mice o f  $12.15 (1980  d o l l a r s ,  with p r o f i t )  was 4 
estimated for a 3000-metric-ton-per-year plant .  ~ur-h~r , 
process development i s  recommended based cpon technica l  
I i 
t 3 4 
success ,  e s t h a k e d  product c o s t ,  and ~ o m e r c i a l l y - a v a i l a b l ~  
technology already e x i s t i n g  i n  t h e  industry tha t  can be j i 
I 
applied to process  scale-up. i 
2 1' \ I 
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I. SUMMARY 
0 
The process developed under this contract meets the 
f 
Phase-I objective of the Silicon Materials Task of the i 
Low-Cost Solar Array Project: to demonstrate the technical 
feasibility of a process capable of high-volume production 
/r 
of solar-ceil-grade silicon. Work was perfo&ed during the 
period from July 31, 1976 through October 31, 1978. 
I The Dow Corning Process consists of producing silicon 
via the carbothermic reduction of quartz utilizing high- 
purity raw materials. This silicon is subsequently purified 
i to solar-grade silicon by pulling a polycrystalline ingot 
via thF1" Czochralski process. , O 
Commercial sources of raw materials were. identified 
that meet the requirements of price, chemical reactivity, , and 
T possibly purity. These sources resulted from a broad survey of 
silica and carbon materials. The purest silicon attainable 
I .  
. 11 
was produced from quartz, mined from both United States' ,, 
and Canadian deposits, and carbon black/sucrose pellets. 1 
A reliable analytical technique must yet be developed to I;, 
provide quality assuran'ce of the raw materials. 
Stable and c~ntinuoGs silicon production was demonstrated 
- - 
-- . 
in a 200-kVA Dirct Arc Reactor to produce quantities of 
silicon in excess of 100 kg per experiment. A production 
rate as high as 3 kg/h was accomplished at an energy con- 
saption as low as 26 kWh/kg Si. The silicon analyzed to 
be relatively pure, having concentrations of 50-100 ppmw 
for aluminum and iron and of less than 10 ppmw each for 
other impurities. Based on conrmercial experience no major 
j scale-up problems are ,envisio?ed for this process step. 
\ 
I $  However, more sophisticated handling of raw materials 
+ , 
i should be developed. 
Purification of Direct-Arc-Reactor silicon to solar- " 
I 
grade quality was explored using crystal growth and vacuum !' 
evaporation. No reduction in the concentration of any I \ 
11 
' N 5 1 
i' 
- 
.:I 
Segregation of impurities during i ingot production using F J  
Bridgman-type crystal growth was demonstrated to be \> 
.' I 
feasible. However, it was not pursued , t in depth due to the 
> greater degree of technical sophistication of Czochralski - 
crystal-growth technology. (A E 
Purification of Direct-Arc-Reactor silicon to solar- 
grade quality was demonstrated to be possible using 
Czochralski crystal growth to produce a polycrystalline 
ingot. during the Insf, experiment performed under this ccankract. 
Impurity segregation was' as effective as single-crystal 
growth from semiconductor silicon 'kince the melt was dilute 
enough to prevent constitutional supercooling. Analysis of 
the polycrystalline silicon ingot , showed the final product 
to be of semiconducts'or purity except for A1 (1 ppma.), Bo 
(7 ppma, 0.1 ohm-cm) , and P (0.5 ppma) . 
Single-e-rys tal silicon was \produced from the poly- 
ingot using a second Czochralski crystal-growth operation. 
This single-crystalline material was fabricated into solar 
cells that demonstrated conversion efficiencies ranging J - 
from 8.2% to .greater than 14% (AM1 , AR-Coeted) depending 
upon the fabricator and the cell fabrication technique. i 
More detailed solar cell evaluations should be performed. 
A cost analysis of the Dow Corning Process at a 
3000-MT/y rate, in 1975 dollars with no profit, showed that 
the estimated cost of silicon from the Direct Arc Reactor ' 
to be $2.28/kg. Final solar-grade silicon cost is dependent cj 
1 * 
upon the cost assumptions made from Czochralski growth. A 
i 
final cost of $7.54/kg is possible if 3Q-cm-diameter ingots I\ 
can be pulled continuously with 90-% yield. Today's crystal 
growth technology would allow a final cost of $11.70/kg 
when pulling a 15-cm-diameter ingot at an 80-7. yield. 
A_,'complete energy analysis of the Dow Corning Process * 
\- from raw materials through solar-grade silicon product 
ind5cates that only a 5-month period is required to pay back 4' 
the energy consumed in the overall process. A 12-% AM1 cell 
was assumed to be exposed for 5 hours each day to a solar 
2 flux of 100 mW/crn, . Calculations werea'rnade for a 100-cm- ti' 
, < 
! - 
diameteP by 200-Dm-thick cell (3.6g ~ i )  . - i 
'i 
t 2 
? 
1. 
In the opinion of the Dow Carning Corporation, further 
I\ developpent of  the Dow Corning Process shou4.d contipye based 
1 * ' upon the demonstrated technical success, the low-cost potential  
for the f i n a l  product, and the commercially-available i technology 
already'erist ing i n  industry that can be direct ly  applied to  h t 
1' 
I \  I &  scale-up of  the tyo process gteps .  
11. Introduction 
I This report covers technical effort performed under JPL 
contract during the period from July 31, 1976 through October 
31, 1978. The contract work was carried out under Phase I 
of Part I11 of the Silicon Material   ask of JPL's Low-Cost 
Solar Array (LSA) Project. 
The LSA Project objective is to "develop national 
capability to produce low-cost, long-life photovoltaic 
arrays at a rate greater than 500 MW/y and at a price less 
* 
than $500/k~ by 1986 with array performance goals of >lo-% 
P 
efficiency and >20-y operating lifetime". (1) . The long- 
term objective of the Silicon Materials Task is to "establish 
installed plant capability for producing silicon suitable 
* 
for solar cells at a price less than $lO/kg at a rate 
equivalent to $500/kW " (!,)\. 
P 
The past 27-month effort hds been directed at meeting 
the short-term objective of the Phase-I/Part-I11 portion of 
the Silicon Materials Task: "to establish the technical 
feasibility and practicality of a process capable of high- 
volume production of solar-cell-grade siliconU(l). 
Dow Corning's approach to meeting the above objective 
has been to develop and interface two major pyocess steps: a 
chemical process step of reducing silica to silicon, with 
carbon as the reductant, followed by a physical process step 
of purification by means of impurity segregation during 
solidification of the molten silicon. This basic concept is 
shown schematically in Figure 1. 
A major advantage in the Dow Corning approach is that 
the basic technology exists today for carrying out each 
process step. Silicon of 98-% purity is commercially 
produced in 20,000-metric-ton-per-year electric akc furnaces. 
* In 1975 dollars 
ix 
(2 - d 
0 
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- This cornpares t o  t h a  estimnCad SoG-Si rmquiran\a~t  i n  1986 of 
only 3000-6000 M T / ~ * .  2ke problam t o  be solved i n  t h i s  
process step i s  t o  produce s i l i c o n  of .greater  thbn 98-8 
p u r i t y  by r s a o t i n g  high-puriCy raw makarials i n  b noneon- i taminciting sadiatmr. X t  fs iinperativa t o  maink zn bhq con- 
centxa t lons  o f  boron and phosphorus a6 l ~ w  l e v ~ l s  durhng 
Chis process s t a p  s i n c e  ntsd.tXzar &n~puri ty  Is 'B$ticientl;y 
w 
sainovad during t h a  subsequent purificat.i,on s t ap .  Q 
Fundamental ~echnolo& a l s o  e x i s t s  f o r  t h e  s i l i c o n  IU 
stap of segregat ing impur i t ies  during unidirsG- 
I 
9 
, 
The samiconductor indus t ry  r o y t i n e l y  
~ s m i ~ ~ ~ i d u c t o r  s i l i c o n  t o  sipgler, ) I  
Caochr@lski Ctsehnology . The major - 
i /  
'probhm i n  applying t+$r technology i s  t o  ang&ser laxgcar- 0 
capaci ty  ~qu ipment  Eos px-ovidimg 'higher C1~xoughpuC a@onoiny . 0 %  
,"' 
Tha EQAI~$~I&QX a f  f his rspor t dascxibas Dow Coming s /r -,' <'! 
approach arrd prograss  i n  attampking k~ sc lva  t h e  problams of 
s i l i c o n  product ion ,and pur i f  iq,~td.on. X t  starts with n . / ,t4 
discuss ion  oP t h e  capalaflik$.as and Li i~ t i ta t ions  of anqXyCisal 
Cechniquas f o r  analyzing iilnuuiities i n  s i l i c o n ,  quartz,;-and 
carbon S O U ~ G ~ S .  n f t ~ ~  d a h ~ + : ? - $ ~ ~ ~  the various opt ions f o r  
d 
9 **
mw makesials wad fox silicon '$reduction and p u r i f  i c n t i o n  
tachniquas,  tha  r e p o r t  ikovides a dascripkion of t h e  . 
se lec ted  Dew Corning Pxgcess i n  t a r n s  o f  the pxocass flow 
dingxam and c o s t  and saecgy analyses ,  0 
3 6 d 0 
\ ~ 3 j . T  Me t r i c  Ton A 
111, IMPURITY ANALYSES 
C\ 
Z 
0 Suc 1 e s s f u l  commercialization s f  a product depends upon 
codovelopn\ent of t h e  process along wi t11  t h e  product. ~ r s d u c t  
in t roduct ion  t o  a ha rke t  i s  use less  % i f  t h e r e  i s  not  a good 
process by which-to produce"sk. Conversqly, a process i s  of,[ 
no u t i l i t y  if i t s  product does ~ Q C  meet t h e  requirements aE 
t h e  market $lace. It i s  t h i s  l a s t  item t h a t  t h i s  s e c t i o n  
addresses i t se l f :  how does one analyze t h e  product t o  determine 
whether it i s  any good? More p rec i se ly ,  how can s i l icon--or  . n 
t h e  mater ia l s  used t o  produce i t - -be s u f f i c i e n t l y  analyzed 
t o  determine i t s  s u i t a b i l i t y  f o r  being fab r i ca ted  i n t o  a 
s o l a r  c a l l  a r ray?  
The most obvious method of eva lua t ing  s i l i c p  tr ak a 
I // photovoltaic device i s  t o  f a b r i c a t e  s o l a r  cells fxom it and 
t o  evaluate  t h e i r  e l e c t r i c a l  parameters. Not having f a c i l i t i e s  
t o  do t h i s ,  we ha{) had s o l a r  cel l  companies perform t h i s  
=====a evaluaCion Tor us ,  
compositional ana lys i s  of s i l i c o n  i s  important i n  order  
t o  det&mine whak impurity,  i f  any, might be l i m i t i n g  s o l a r  
? e l l  e f f i c i ency  . Con\positional a n a l y s i s  of raw m a t e r i e l s  i s  
a l s o  iwportalxt s inaa  impur i t ies  must have c e r t a i n  minin~m 
con6?kntrat~ons as determined by t h o i  r carri;+through y ie ld9  
//in t h e  var ious process s t eps .  Therefore,  it i s  necessary t o  
be a b l e  t o  a n a l y t i c a l l y  eva lua te  s i l i c o n ,  carbon, and s i l i c a  
(quar tz) .  The i d e a l  technique should be accura te ,  p r e c i s e ,  
f a s t ,  low c o s t ,  a n h  h i g h l y  s e n s i t i v e  for  impur i t ies  /- 
of , i n t e r e s t .  No such technique e x i s t s ,  however, t o  analyze 
tho  mater ia ls  having t h e  high requirad f o r  so la r -  
* grade s i l i c a n .  
Examination of t he  followilzg sec t ion  on ''Raw Materials 'f  
Pi K shows t h a t  impursiti.es i n  S ~ G - ~ i  musk be below t h e  range of about 11 
0.1 ppbw-1 ppmw i n  order  t o  produce s o l e r p e l l s  with high 
conversion e f f i c i e n c i e s .  The raw mate r i a l s  required I n  t h e  * 
, 
Dow Coxn$.ng Process,  then, must have maximum acceptable  impurity 
):I +, . 
l e v e l s  inap$xoximately t h e  range of 1-1000 ppmw. 
7 
a,&.------+* 'i-* - -- > <,%- ,.a A--a7A>.%wm.-~<%~:wA-- --" 
W e  have typ ica l ly  analyzed 13 elements, a s  seen l a t e r  ' 
i n  the repor t ,  MIQSQ cons i s t  o f  mainly doping elements ( A l ,  
B, and P)  and heexvy metals t h a t  can severely degrade solar -  
c e l l  performance even a t  low concentrations (e ,g. ,  T i ,  V, * 
an8 Sr!. Fhe Eollowing elements have been looked f o r  by 
mi sk ion  spectroscopy but  never detected i n  even r e l a t i v e l y  
impure mater ia ls  such a s  MG-SA and charcoal: 
< 5 pprll. ; Ag 
(10  ppnw: B Q ~  B i ,  Go, G e t  Zn, Sn 
(b (50 ppmw: Cd, Sb, Sr,,<Zn k' (100  ppmw: As, Nb, N 
Since over 600 samples were+analyaed during Che course 
of t h i s  cont rac t ,  emission spectroscopy was used t o  analyze I I 
\ \  
n1os.C samplas. Qhis service  was \performed - by National a 
$pactroscopic LsQoratosies,  Xnc,, o f  Cleveland, Ohio. In  
g~naral, a 13-sle~nen-t: ssan  was psdvidad f o r  $92.50 per 
9 0 
sample. The l i m i t s  of d ~ t c c t i ~ n  wefa n i t h ~ c  5 sr 1 0  ppfnw J 
f o r  a l l  ilemants. Boron and phosphorus could be measured t o  
. 
1 ppmw using chemical concentration techniques. Boron 
dataxn\ilzation, i n  carbon samples Was even more sensf t i v e  (0 .2  
pp~nw) using chemical ooncantrotion. Phosphorus, wlxioh can 
only be maasuxed down t o  about 9.5% by emission spactroscopy, 
was act;uaLby de t~ rmieed  by a w e t  chemical colorimetr ic  
procadure a t  NSL. , 
Spark-s~urca mass spectroscopy can measure impuxit$.es 
of i n t e r e s t  down t o  t h a  1 tto 100-ppbw range when a dedicated 
instrument i s  usad, suck AS t h e  one a t  Dow Corning. T h i s  
spec i f i c  i n s t r u ~ ~ e n t  hasi  f o r  tho  most p a r t ,  s e w  only semi- 
conduckor-grade s i l i c o n  and conseguently has no "n\emaryV t o r  
various impurfties.  &J.Chough both boron and phosphorus can 
he dakectad down t a  about t h e  10-ppbw l eve l ,  their chemical 
concentratj.lan maasuxes Xowar khan the  concentration calculated * 
from sasLst iviby measurements made on s ing l e  c r y s t a l l i n e  
matariab, e spec ia l ly  i n  t he  a rea  of aboQt 1 ppmw. ?h 
r, 
I:\ 
I 
0 8 
? 
0 
Values rsported for bbron and phosphorus inkhis report 
3 
are based on, resistivity measurenrents. Silicon from the DAR 
* 11 h+= is landed into a Czochralski machine and a polycrystalline 
1: dl ingot is pulled. This ingot is multiply float zoned to 
I! 
I produce a single crystalline silicon rod. Resistivity neasure- 
mcnts axe made on the first-pass section to yield a cowpcn- 
sated boron value. The rcsxstivity measurement on tha 
seven-pass sectLon q i e l d s  an uncompensated boron value since 
phosphorus has scyregated out. Tlie difference in the two 
resistivities gives the phosphorus concentration. The a 
concentrations are then corrected to give their actual 
values in the Czochralski ingot since this is the final 
product fraln the Dow Corning Process. L 
l o  Xn sulninary then, several analytical techniques are used 
I , ko evalua te  raw materials and the silicon product. For t h e  t I raw matcri$l.s, clnissiorl spectroscopy, wet chcmieal, and i // 
spark-source mass spcctrascopy are cmplpyed. SeG-Si is 
I 
I 
t 
'1 I L: 
0 
i 
U 
I - 
I 
- IV. RAW MATERIALS 
! 
I' 
A. Summary 
Determination of the yields of impurities in each 
process step allowed.the-max~mum permissible concentration 
of impurities in the raw materials to be calculated from 
a definition of SoG-Si (see Table 1). Boron and phosphorus f i  
were shown to be the most critical impurities. 
\ -  i' A survey of over 90 sources of silica indicated that 
1; quartz can possibly meet purity goals. This must be tested 
by determining boron and phosphorus in the silicon product 
due to the lack of reliable analytical techniques for 
measuring their concentrations in quartz. Two commercial 
sources of quartz were identified as meeting the require- 
Z 
ments of cost and chgmical reactivity. 
Quartz sands still remain to be examined as potential + 
sources of silica. Cursory investigation shows that sands ' 
are available that meet purity anld cost goals. -These 
sands must be further pelletized and tested for reactivity. 
Several carbon sources were examined as potential 
reductants: activated carbon, carbon black, wood and sugar ' 
charcoal, lignite, and petroleum coke. Only activated 
carbon and carbon black pellets meet the goals of high 
purity and high chemical reactivity. The latter goal i,s 
especially reached when activated carbon and carbon black " 
are used in conjunction with sucrose either 'in the form D 
i>-.> i-/of sugar cubes or as a binder for pellets. 
13. Purity Requirements 
--- '0 
It is ncces.sary to establish the maximum allowable 
(- 
impuri.ties in raw materials used for the Dow Corning P~occss - 
since a r;pecific degree of p~lrifi.cation occurs for each \> 
element in the two process steps. The second process s t ep  
of unidirection solidification is especial-ly effective for 
10 
, jn~GmAL $AGE T'K 
P ~ R  Q B T P ~ L ! ~  
removing impurities because their distribution is orders- 
-, of-magnitude less in the solid phase as compared to the 
mo'lten phase--except for boron (17-0.8) and phosphorus 
(rp0.35). Since relatively little purification occurs 
during the~first process step of silicon production, raw 
materials must contain low concentrations of boron and 
phosphorus. 0 
A method of determining the maximum concentration 
of impurities allowable in the raw matkials is to start 
with the maximum allowable concentration in the solar 
- 
grade silicon (SoG-Si) product and to calculate backwards 1.l 
to the saw materials using the yields ~f the impurities in 
both process steps. In doing this, various assumptions 
must be made that have an end effect on the final calculated 
concentrations. Therefore, the assumptions are discussed 
so that any later changes in them can be taken into consider- 
ation in terms of their effect on the calculated impurity 
requirements for the raw materials. 
Two sources of ihformation wer help develop 
a the maximum permissible impurity levels in SoG-Si. For boron, 
various data predict solar cell efficiency to peak between 
0.1 ohm-cm (2-5) and about 0.3 ohm-cm (15,16) which corresponds 
5 
to boron concentrlations between 9.6 and 1.7 ppma, respectively. 
The maximum concentration of 1.7 ppma for boron was chosen 
so as to be conservative. An aluminum conceatration of 
\ 0.2 ppma was chosen so as to be one order-of-maqnitude 
lower than the other p-type dopant boron. ~hos~horus 
was set at 0.5 ppma so as not to heavily compensate boron. 
The metal- concentrations were obtained Erom Westinghouse- 
Dow Corning data (6) of relatfve cell efficiency versus 
impurity concentratian; an efficiency 90 % of baseline 
was chosen, The various assumed impurity concentrations are 
summarized in Table 1. 
w Table I lists the calculated maximum concentrations of 
impurities that can be in silicon Erom the Direct Arc Reactor 
(DAR) assuming djkit DAR-Si of the given composition is converted 
to SoG-Si via the Czochralski technique of unidirectional 
k* 4 
11 

3 solidification. Impurity segregation coefficients between 
molten and solid silicon were taken from a recent Westing- 
* house report (6). Segregation coefficients are in effect 
the fractional impurity yields during the second process 
#t step. As an example of the calculation method, the maximum 
aluminum concentration of 0.2 ppma was divided by the 
aluminum segregation coefficient of 2 x lo3 to obtain the 
100 ppma maximum concentration,,iq ! - >  DAR-Si. An even higher 
concentration is most likely allowable since all aluminum in 
-* 
silicon is not electrically active from the standpoint of , 
, resistivity measurements. 
\' Z 
The calculated maximum t2oncentrations of Cu, Fe, Ni, 
and Zr are so high that they would cause supercooling of the 
jl melt and eventual breakdown of impurity segregation during 
Czochralski ingot growth resulting in low SoG-Si yield. It 
I is assumed that a 90-% ingo& yield wi.11 result if total , 
I metal concentration in the melt is kept less than 400 ppma. 
i 
, This assumption is based upon practical experience in pulling 
f 
I ingots from silicon having impurities varying between 2% 
I - -  
I' (metallurgical grade) and sub-ppma (semic'onductor grade) levels. 
1 Therefore, 400 ppma is used in Table 2 for the maximum 
perdissible concentration of Cu, Fe, ~i 'and Zr in DAR-Si. 
> 
i This upper linit is also used for Ca and Mo since both have very 
favorable segregation coefficients--this assumestca is similar 
to Mg (6). $ 
The revised maximum levels of impurities in DAR-Si were 
used to calculate their maximum levels in the raw materials 
'by using impurity yields that occur during the first process 
step. These yields were measured by Interlake, Inc. over a 
5-day period in a 30-MVA commercial arc furnace used to 
produce 98 % silicon at a rate of about 1 MT/h. The yields 
(recoveries) of the impurities in silicon are shown in ~igure 2 
1 
I 
j and are seen to be inversely related to their elemental 11 
I !  vapor pressures (7). 
2 x. 0 
,by/ I' i G) !I i' 1, t \i \,
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The maximum level of impurities in carbon land silica, as 
seen in Table 2,' indicate that the impurities can be divided 
into three categories: (1) boron and phosphorus which must 
have concentrations in about the 1 to 10-ppma range, (2) aluminum, 
titanium, and vanadium which can be in the 10 to 
4 
100-ppmw range, and (3) ,,the remaining impurities that can " 
range from 0.2 to 2 %. The requirement of having boron and 
phosphorus present at the low 1 to 10-ppmw level almost 
guarantees that the levels of all other impurities will fall 
considerably below their maximum allowable concentrations in 
the raw materials. This becomes obvious from the analysis 
of sil-ha and carbon shown in later sections of this report. 
The need to use higher-purity raw materials in the 
silicon production step can be recognized when comparing the 
impurity goals for DAR-Si to actual impurity analyzes of 
I 
L* metallurgical-grade silicon (MG-Si). The comparison in 
Table 3 indicates that the concentration of Al, B, Fe, and 
w , P impurities in MG-Si are more than an order-of-magnitude 
higher than their concentration goals for DAR-Si. 

Table 19. comparison of Impurity Concentxations ' i n  MG-Si 
to t h e  Ooal for DAR-Si. 
:> 
Silica 
'1. General Survey 
~iver-bed gravel is commonly used as the source of 
quartzite in the commercial production of MG-Si. Although 
this quartzite has not been extensively analyzed u,nder this 
contract, it is clear that its aluminum concentration is the 
* ,  
major deterent i-n its use aS a raw material for SOG-Si 
prodiiidtion. Aluminum contents have been analyzed to be in 
the 300-500 ppmw range as compared to the goal of 60 ppmw. 
\\ The existence of deposits in North America of sand, 
5 
- i f  quartzite, and quartz, having sufficient purity for the 
, hydrothermal growth of quartz for piezoelectr,Jc applica- 
tions, has been reported by Kolb, et al. (8)4' 
CJ Dow Corning and Interlake, Inc. performed a survey of 
t i  
'j, C I  over 90 forulgn and domestic sources of silica to ascertain 
,$ their location and accessibility, representative composition, 
R 
'I and estimated commercial price. State geologists were 
1 2s 
contacted, where possible, to verify reported information. 
Sanples for analysis were received from 36 domestic and 
foreign sources. Boron and phosphorus were always deter- 
mined due to the low concentrations required. Aluminum and 
iron were analyzed occaqionally since they are the only 
other impurities detebtable in high-quality silica. Exper- 
ience early in the program indicated that other impurities 
were not present above the usual 5 to 10-pprnw detection 
limit of the analytical technique. 
Results af the complete survey have been reported ( 7 ) .  
A selection from the report of the most promising high- 
purity silica sources is given in Table 4. Domestically it 
r I 
appears that the best source of:xuartz is from Arkansas 
1 where a large number 02 veins break the surface from a . <. 
m 
general belt of quartz that is 130 km wide by 300 ke long. 
Two suppliers were identified who estimated their prices for 
- 
C quartz to range from $0.11-0.24/kg in tonnage quantities. 9 
> I 
I 
- I 
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Silica. 
- 
Impurity (ppmw) 
Company and Address A1 B Fe Pn Comments 
Canada 
British Columbia C 9 
Mo~n,, Rose Mining Co. , 30 (1 3 5 
\\ 
80,000 MT proven 
~tdi' quartz reserve; 
.I) 
North Vancouver V7J2J6 ' $0.66/kg 
Ontario o < I  
8 Comet Quartz, Ltd. - 2 5 2 1x10 MT quartz 
Whitby LlN55 reserves ; $0 . 2O/kg 
United States 
L ii - Azizona 
Hemphill Bros., Inc. - 2 m  8\\ 3 Quartz 
0 Kingman ,86402 
i'L 
Arkansas , k, \\ 
$% - 
" Malvesn Minerals Co. 20 <1 20 <5 $0.15-0.2-4'/kg; I 
'Hot Springs 71901 R. quartz (see text2j 
c 
Quartz Processing Corp. - <1 <5 <5 $0,. ll/kg; quartz " 
Hot Springs 71901 I (see text) 
Massachusetts 3 
Sobin Chemical 170 <1 50 <5 Quintus quartz 
Boston 1 I sand; $0.22/kg 
i ~gntana -, 
Holand, Donald / i -  1 66 <5 New quartzite ,, 
Fargo', ND 5810;2 " deposit being 
I 
1 \\ C\ i J  developed. :i i 
4 
< * 
Quartz pr ices  and ~ r e n s ~ o r k a ' t i o n  chaxges l i m i t  the  /;? 
r'" s e lec t ion  of for'f&gn s i l i c a  so@&es M Canada. Dow Corning 
chose t o  work with Mount Rosa Mining Colnpany which has 
80,000 Edl\ oS proven resarves ik.BriCish Coxurnbig. This 
CJ 
i m t e r i a l  currently sells f o r  $<bb/kg i n  small tonnage 
, quant i t i es ,  Sourcas sin\ilax -t;o the Mount R ~ S Q  deposit; have 
been identigiad i n  Br i t i sh  Columbia. 
K 
I 2, ~onip,osi t ianal  Analysis og Qunrta 
Detailed conipositibnal analys'as have Laan made & 4.5 
- 
P , 
i \I 
Mg o ~ - ~ u a k ? t &  supplied by Malvern Ninerals Company oPG~rkansas  
and of 13 NT of quartz purchased Puom %unk Rosa Mining 
Campany -oSI B r i t i s h  Coluifltsln. ~ndivridulal wnnlyses af 65 
sompl@s nppQas $13 hppandis A. Tha ovexage annlysas taken 
;Ifron\ appendix h ax@ T n b 1 ~  5. Avasngss 
onlculuk~d f x o ~  " 2 ~ s ~ s t h ~ n "  slluinb&cs I 
'assumed tka Latter .to ba aqua1 t o  zara; i . o . a ,  tha average pF 
th&' two measureinonts 50 end (3.0 i s  (50+0)/2 25, This 
waraging msthod d&stox;.tt$ the Pa slid P averages i n  Appendix 
A4 sincca low daterminaticsns wsm htv~ragad with  "earo1) vaLues. 
Yi 
, "  
T 5 .  Avcoraga AanI&qos BE V B \ E ~ ~ U S  Quaztz Samplaa 
1 
)I Abstractad Eroni Appendix A. 
% 0 
oSince the analyses reported i n  -Table 5 a r e  very Close 
t o  the  de tec t ion  limi,e f o r  each impurity,  the  quartaes must 
I 
be considered t o  be indis t inguishable ,  The estimated e r r q r  
> 
Q i n  the  analys is  nee): the de tec t ion  l i m i t  i s  a t  l e a s t  +100'1. a n d .  
\ 
probably higher.  A more s e n s i t i v e  tachnique i s  required t o  
& 
dis t inguish  difforcnce4 betwesn various quartzes .  
The boron ahalyses i n  Tabla 5 must be f u r t h e r  q u a l i f i e d  
by r e s u l t s  obtatned lrom analyses of quarte  from a U,S, 
Fused Quartz Czochrals l~i  c ruc ib le  and of Dow Corning semi- 
conductor-grade s i l i c o n ,  The boron concentrat&on i n  the  
c ruc ib le  quartz was l~nelyzed t o  be 8 gpmw a s  compared t o  a 
spec i f i ca t ion  of < 0.6 gpmw, In the  semiconductor s i l i c o n ,  
the  boroq l e v e l  was reported t o  be 6 ppmw by emission szpectroscopy 
as  compared t o  a spec i f i ca t ion  of  C 0.0001 ppmw as determined, 
by e l e c t r i c a l  rosis t i v i  ty. Thase data poin t  out t h e  d i f  f i s u l t i e s  
, encountered fn measuring ixnpurity l eve l s  i n  the. s ~ b ~ ~ ~ r n  
t o  ppm l e v e l  in  s i l i c o n  and quar tz ,  
- Xn sumnary the~z, it: appeacs t h a t  quartz s i i ~ p l a s  ara 
ava i l ab le  t h a t  meet the p u r i t y  requirements of t h i s  &ogram. ' 
* 
+ 
. "Absolute v e r i f i c a t i o n  of th ik  can only be accomplished 
through measurement of the  s i l  ,con produced 'using a l a c t r i c a l  
r e s i s t i v i t y  measurements, i 7 -7 ) /*I, .. 1. 
' 3. D e ~ ~ e p i t a t i o n  of ~ u a k t z e s  end Quar tz i t e s  \ 
~i l ica l )samplas  must he abla  t o  withstand t h e  high - u 
thermal and mechanical s tgasses  t h a t  they a r e  s ~ b j e c t c d  t o  
P i n  the d$rcsct a r c  reackor. TE they do ast,  they decreptttlnte 
P i n t o  s m a l l  p a r t i c l e s  that: become entrained i n  the  ofE-gases 
r e s u l t i n g  ia lower s i l i c ~ n  y ie lds .  
DecrapcttatLon t o s t i n g  aE'a v a r i e t y  u& quartz samples , 
was ,performed i n  ordae t~ develop experience i n  using t h t s  
.I, 
3' - 
method to character ize the  samples with respect  t o  t h e i r  
5 
probab i l i ty  05 br;in@; cabXs t o  be euccessfulXy usad tn a 
C. 
commercial-size d i - z e ~ t  a r c  rc;act:or. The tasting was c a r r i e d  
h out: i n  a manner s imi la r  t o  t h e ' t e a h n f g u  uqed $or many years  
,, a t  ELkem-Spigerverket's R&D Center Cn Kristiansrsnd, Nomay, 
The test mattiod i s  ahlo t o  s o r t  out  quarte samples t h a t  are 
unsui table  f o r  smelting; however, i t  does n g t  guarantee t h a t  
t h e  promising smelt wel l .  I, -21 
k. 
%., 
1) 21 0 
,-/' 
The dec rep i t a t i on .  teat involves  determining the mechanical 
C i  
s t keng th  of t h e  qua r t z  a f t e r  it i s  thermal ly  s t r e s s e d  a t  
l l "  j 
I high  temperature .  To c a r r y  o u t  a d e c r e p i t a t i o n  t e s t ,  a - 
J J/ 
q u a r t z  sample is  crbshedi. jn%o t h e  s i z e  range of  20-25 mm. 
i The samples a r e  placed i n  a g r a p h i t e  c r u c i b l e  and in t roduced  
I i n t o  a  t ube  fu rnace  mainta ined a t  1300 'C. Samples qxe he ld  
i n  t h e  t ube  for,,approximately one hour and a r e  t hen  withdrawn 
i I 4 
from t h e  furnacdwand '  cos l ed  t o  room teqperature ' ,  The percen tage  
q u a r t z  re tni r ied on a 2-cm sc reen  a f t e r  screening g i v e s  a n  
i n d i c a t i o n  of t h e  thegmal shock r e s i s t a n c e  of t h e  sample. To 
f i n d  t h e  mechanical s t r e n g t h  o f  t h e  q Q a r t z ,  t h e  sample i s  ib 
placed i n  a c y l i n d r i c a l  c o n t a i n e r  equipped wi th  a l i d .  The 
con ta ine r  i s  inve r t ed  upside-down 100 ' t imas .  The amount of  
q u a r t z  r e t a i n e d  on a 0.5-cm sc reen  a f t e r  screening determinas  
8 khe mechanical s t r e n g t h  of t h e  qua r t z .  
The decxepikat ion t e s t s  of  va r ious  samples of q u a r t z  
ob ta ined  from d i f f e r e n t  sources  are sununarized in Table 6, 
i 
 ater rial i s  considered t o  be 05 s u i t a b l e  mechanical skreng-kh 
f o r  arc-furnace smeSting i f  60 % of  it remains on t h e  0,5- 
4 cm screen.  Of t h e  s i x t e e n  samples t e s t e d ,  a l l  samples named 
'Eureka' a r e  considered t o  be of unsuPtable q u a l i t y  f o r  
, Q 
smel t ing.  These q u a r t z i t d i  samples dd' no t  have t h e i r  q u a r t z  
p a r t i c l e s  s t r o n g l y  enough "gluedN t o g e t h e r ,  
Tes t ing  of the s e l e c t e d  Arkansas and B r i t i s h  Columbia 
q u a r t z  samples i n  t h e  200-kVA d i r e c t  a r c  r e a c t o r  showed 1 ' 
t h e i r  a c t u a l  phys i ca l  s t r e n g t h  t o  be i n  agreement with the  
measured d e c r e p i t a t i o n  c h a r a c t e r i s t i c s .  No DAR experiments 
w e r e  made t o  v e r i f y  the negatLve d e c r e p i t a t i o n  da t a  conc- 
e r n i n g  q u a r t z i t e s .  
4 .  Quar tz  Sand 
Sand, i .e . ,  unbound p a r t i c l e s  of qua r t z , '  i s  a p o t e n t i a l  
source  of s i l ica  i n  t h e  d i r e c t  arc r e a c t o r .  ~ o m $ o s i t i o n a l  
C. 3. 
a n a l y s i s ,  s9ch as t h a t  for puintbs q u a r t z  ($195/MT) i n  
! 
r* 
? 
1 2% ,, 
I 
l 
$ 
7 
Table 6. Decrepitation Characteristic of Various Quartz Samples 
t 
1 
II 
Socrce ~ethtion on 0.5-cm 
Screen ( % I  
ANGOLA 
Thermal American Fused Quartz Co. 68 
Montville, NJ 07045 @ 
AUSTRALIA ( 5  
- General Superintendence Co. 93 
Sydney 
CA~~ADA 
Mount Rose Mining Co., Ltd, 92 
North Vancouver, BC V7J2J6 
Independent Design and Review 270 
Mount Laurel, NJ 08054 I '  
UNITED STATES 
Arkansas 
Malvern Minerals Co. C, 
Hot Springs 
Milky, Garland Co. 77 I Milky, Saline Co. 82 0 , .  
"\ !i Semiclear 63 
i. 
+ 
ii 
i 
4 
i 
California 
Nopak Range 
Eureka 8815* 48 
Resting Spring Range 
Zabriskie 8814" 82 
Nevada ii: 
Arrow Canyon Range 
Eureka 8818* 30 
Bare Mountain 
Eureka 8813* 12 
Eureka 8814" 94 
' Pahranagat Range 
J Eureka 8817* 35  
North Carolina 11 
Material Sales Co. 78 
Lilesville 28091 
South Dakota \I 
Pacer Corp. 'i -84 
Custer 60018 
Utah 
Crystal Peak 
Eureka 8819* 13 
* 
(- 
Li .La" * Obtained from K. Ketne+,"~eolo~ical Survey., Dept. of 
Interior, Denver Color~$o. 
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- D. "Carbon 
0 1. Reductants 
I' 
a .  General V) 
The need i n  t h i s  mogram t o  use a carbon reductant 
f o r  s i l i c a  t h a t  i s  purer than t h e  commercial reductants  
,e f o r  t h e  production of MG-Si  i s  obvious from Table 7 .  
The maximum permissible l eve l s  of impuri t ies  i n  carbon a re  \ 
exceeded i n  severa l  cases f o r  a l l  t h ree  reductants .  
Pur i f i ca t ion  of carbon was ser ious ly  considered due t o  
the success of reducing boron t o  l e s s  than 1 ppmw i n  
graphi te  used f o r  t h e  nuclear indus t ry .  Charcoal p u r i f i -  
cat ion was concentrated on while p u r i f i c a t i o n  of l i g n i t e  
and petroleum coke was inves t iga ted  t o  a l e s s e r  degree. 
The use of sugar char as  a reductant was a l s o  considered. 
The r e s u l t s  of a l l  these s tudies  w i l l  be described i n  a 
l a t e r  sec t ion .  The next sec t ion  de l inea tes  t h e  r e s u l t s  
obtained with the<-;ost favorable carbon reductants :  
- 
act iva ted  carbon and carbon black. i 
\X 
b .  Activated Carbon and Carbon Black a 
'i \i I i . AS - ~ e c k i v e d  Material  ,j 
A successful  reductant f o r  the  carbothermic 
reduction of s i l i c a  i n  the DAR must meet t h e  two primary I 
prerequis i tes  of pur i ty  and chemical r e a c t i v i t y :  these  
I i'
do no t  necessar i ly  go hand-in-hand. 
The p u r i t y  was determined of various samples of carbon 
black and ac t iva ted  carbon. Table 8 summarizes analyses of 
ac t iva ted  carbons t h a t  meet, o r  near ly  meet, pu r i ty  re- I 
A, 
quirements. Those samples f o r  which impuri t ies  exceed t h e i r  i 
e s tab l i shed  maxima a r e  l i s t e d  i n  Appendix B.  The ac t iva ted  ? i 
carbons, which were supplied i n  the  form of p e l l e t s ,  a r e  i 
it\ 
i 
i 
qui te  pure with respect  t o  the  goal.  Limited analyses of I i \ 
samples prepared by concentrating so lu t ions  of dissolved mater ia l  i 
shoWed tha t  t h e  goals (see Table 8 ) " f o r  boron and phosphorus I 
can a l s o  be reached. A l a t e r  sec t ion  w i l l  show t h a t  ac t iva ted  1 
4' 
carbons meet the  second prerequis f te  of adequate chemical ' 
4 
;eac t iv i ty  i n  the DAR. 
25 
TABLE 7. ANALYSES OF CARBON REDUCTANTS USED TO COMMERCIALLY 
PRODUCE MG-Si . O 
* See Table 2 .  G 
'TABLE 8. AVERAGE ANALYSES OF ACTIVATED CARBON SAMPLES / 
"' THAT MEET PURITY GOALS. 
b 
i 
I 
i 
-, * 1 1 
F ' ' a  1 r: 
! 
@ 
b 
* Concentration technique yields BC1, P=2 ppmw. b3 
C I 
C I 
AC3: ICI Americas, Darco DXL-0-6838 ! 1 
,3 
AC91: Union Carbide, Columbia 3LXC 4/6 p : 
AC10: Acid washed AC3 4 
AC11: Witco Chemical Corp., AC-5809 
AC12: Witco Chemical Corp. 
- 
r 
> - 
C 
,- :.J 
2 ,  
,'i 
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Carbon 
Goal 
100 
1 
1000 
1000 
1000 
1000 
600 
2000 
1000 
10 1 
70 I 
501 ? 
1500 
I 
I /  
" 
h 
Impurity 
( ppmw 
A1 
B 
~a 
Cr 
Cu 
Fe 
Mn 
Mo 
Ni 
P 
Ti 
+ V  
Zr 
AC 3 
80 
<5 
10 
(10 
(5 
10 
< 10 
<10 
(10 
(10 
<10 
. (10 
<10 
Number 
~ c l l  
$3 lo 
<5 
10 
* <10 
<5 
470 
<10 
(40 
<10 
(10 
(10 
<10 
<10 
1 
, ~ c 1 2  
10 
<5 
30 
(10 
5 
520 
(10 
<10 
< 10 
(10 
(10 
<10 
010 
J 
AC 9 
80 
<5 
60 
10 
30 
590 
(10 
(10 
<10 
20 
<10 
(10 
(10 
Sample 
A C ~ O  
3 0  
<5* 
10 
(10 
<5 
100 
(10 
(10 
20 
(lo* 
<10 
(10 
(10 
I 
\ 'i 
(I< 
A high percentage of carbon blacks kteets the cgrbop 
purity goals as indicated by the data in Table 9 for all c c '  
22 samples analyzed during the course of this work. Details 
concerning the suppliers of the samples are provided in 
Appendix C. All samples are produced from petroleum sources - 
I /  
except for CB5 which is generated by the cracking of 
mdthane gas. Since this carbon black is one of the purer 
carbon sources, it vias analy~ed~using a chemical concen- 
tration techniqbe whicheshow%d <1 ppmw boron and 5 ppmw 
phosphorus. 
ii. Pellets 
P 
All activated carbon and carbon black reductants were 
used in the form of pellets. Activated carbon from Union 
( )  
Carbide was suppl'ied as ca. 3-mm-size pellets that were 0 
used either directly in the DAR~';O~ as a mixture with 
sucrose sugar cubes. The use of sugar cubes was found 
to increase the chemical reactivity of the dense activated 
carbon since the sucrose is converted to a high-surface- - - 
area sugar charcoal upon burning at the top of reactant 
2 
mix in the DAR. 
All carbon black reductants had to be pelletized to - 
increase their micron-size particles to 5 to 25-mm-size \ \  
- 
pellets that would not be blown out of the DAR by the off- 
gases. Early experiments utilized binders such as starch, 
colloidal silica, silica flour, and their mixtures. Starches 
I were not pure enough, especially with respect tij'phos- 
phorus. Later experiments used carbon black bound with 
sucrose which is higher in purity. As in the case of _:. 
activated carbon, sucrose was also found to increase the 
reactivity of the reactant mixture. Analyses of binders 
are shown in Table 10. 
Carbon black pellets were normally prepared for Dow 
Corning by Mars Minerals, Inc. using special handXing 
. 
techniques. Drum pelletizers were used to produce all 
pellets e,xcept when sucrose was used as a binder. In w 
this case, it was necessary to use a disc pelletizer. The 
analyses of the pellets are provided in Table 11. The 
I 
purest pellets were prepared using carbon black from a CHg 
source with sucrose as the binder (see DAR-200-17).' 
28 

C\ 
,TABLE 1 0 .  AVERAGE ANALYSES,,OF BINDERS TO PRODUCE PELLETS 
D 1 I 
, i 
% 
i; 
4 
i 
I 
< 
PI 
0 
* DuPont col lo idal  s i l i ca  
11 
\\ 
0 
'% 
& 
: 
(1 30 
7 
P-. .- 
ii 
1 
- . .> --.---- --- 
__. - --. 
I m p u r i t y  
(ppmw) 
A1 
B 
~a 
C r  
Cu 
Fe 
Mn 
Mo 
Ni 
P 
T i  
V  
Zr 
----- 
B i n d e r s  -. 
--?( OK S i l i c a  
S u c r o s e  D e x t r i n  S t a b i l  ; Molasses Ludox* F l o u r  
\> 
< 1 0  2.30 210 1 3 0  2  4 Oi 300 
< 5  < 1 0  < 1 0  <5 < 1 0  2 
0 
< 1 0  1>2 0  1 8 0  910 , 20 1 3 0  
< L O  < 1 0  < 1 0  < 1 0  < 1 0  < 1 0  
< 5  < 1 0  < 1 0  3  or < 1 0  < 5  
< 1 0  < 1 0  (10  1 4 0  70 1 8 0  
': (10  < 1 0  <,lo 1 0  < 1 0  < 1 0  
( 1 0  < 1 0  < 1 0  < 1 0  < 1 0  ('10 
( 1 0  < 1 0  < 1 0  LL < 1 0  < 1 0  <10  
< 1 0  1 8 0  40 500 o 90 30 
< 1 0  < 1 0  . < 1 0  . 20 20 80 " 
< 1 0  < 1 0  < 1 0  < 1 0  40 (10  
< 1 0  < 1 0  < 1 0  < 1 0  1 0  1 1 0  
\ 
TABLE 11. AVERAGE ANALYSES OF CARBON BLACK AND'ACTIVATED CARBON PELLETS USED IN DAR EXPERIMENTS 
8: 81.2% CB9,-10.0% SiO2 from Ludox, 8.8% OK dtabilizer 
9: 80% CB9, 10% Si02 froxnrLudox, lO%=dextrin: 90% CB9, 10% dex&in 
10: 100% AC9 -- I L-3 11: 75% AC3, 25% sucrose; 65% AC3, 25% sucrose, 10% SiO2 from Ludox 
12: 90% CB9, 10% OK Stabilizer 
13: 80% CB9, 10% OK Stabilizer, 10% Si02 from Ludox 
14: 80% CB9, 10% OK Stabilizer, 10% SiO2 powder 
15: 61% AClQ, 39% sucrose as sugar cubes r;, >. 
16: 70% CB9, 30% sucrose Cz 
17: 75% CB5, 25% sucrose 
* D = Dextrin, L = Ludox, S = Silica C. o r-1 0 .  
\-1, 
c7 
0 
(h 
< / 
Other Reductants 
i. Charcoal 
Wood charcoal contains too high concentrations of 
boron and phosphorus ko be of use as a reductant to produce2 w 1 j 
.L 
j ' 4  I 
' I  SoG-Si (9). Charcoal has been purified with freon at high 1 
' ! 
temperatures to reduce the concentration . of impurities 
(7,9,10) as seen- in Table 1T. ~atisf actory reduction of 
the level of boron and phosphorus was found only at 2500 'C. 
However, this material was found to be nearly totally 
unreactive with quartz under noqtal operating conditions, 
as opposed to unpurified charcoal which is a fairly good &-=' 
reductant. 
The purified charcoll was characterized by x-ray 
diffraction and chemical reactivity tests (7). X-ray 
diffraction patterns showed a broad and somewhat irregular 
peak in the vicinity of the graphite peak. The irregular 
peak increased in intensity with the temperature of charcoal 
purification and was not observed in the case of unpurified . 
charcoal. Since change in chemical composition due to 
pui~ification is minimal, significant structural change was 
indicated. This was particularly apparent from the noted 
volume decrease with purification temperature. Reactivity . 
tests, according to a method reported by Tuset and Raaness 
(ll), showed that purified charcoql had a somewhat lower 
ability to react with SiO(g) that did unpurified charcoal 
according to the reaction SiO (g) + 2C (s) = Sic (s) + CO (g) . 
However, it was still found to be more reactive than most 
reductants used for silicon production. It was therefore 
inferred that the formation of silicon carbide was not the 
rate-controlling reaction, but that-its fuvther reaction 
via SiC(s) + SiO (g) = 2 Si (1) + CO [g) was most likely the 
J 
rate-controlling step. The reason for this may be tha>t 
Sic is completely surrounded by silicon which blocks the 
1 * 
cbntact between Sic and SiO. If so, the.wetting property 
L : ,,,: of S3C is important. In successful tests with unpurified 
. 
F charcoal, the silicon carbide was not surrounded by metal, 
I 
t but open for exposure to SiO (12). 
/ *  
I: 1 > 32 
TABLE 12. PURIFICATION BY 
TREATMENT 5' 
C: 
*,Al, Cr, Cu, Fe, Ni, Ti, V, Zr.<lO ppmw 
4' 
Charcoal was dropped as a potential high-purity 
- 
ii 
reductant due to i t s  extreme unreactivity which - results from 
its purification at high temperature. i J i, " 
ii. Lignite ib I 
. 
Lignite has been used as a reductant for the 
production of metallurgical-grade silicon. However, lignite Q 
is too impure for tie product-ion of SoG-Si due to its high - 
ash content - as shown in Table 8 - of nearly 20%. 
!I 
Lignite briquets were subjected to chlorine purification 
at 2000 'c. Although the briquets did not lose their strength, 
the concentration of boran could not be reduced to low ppm- 
level required. X-ray intensity showed a continual increase 
with increasing severity of purification. Since x-ray 
intensity showed an indirect correlation with reactivity' 
I 
in the case of charcoal, increased purification teinperaturesr 
were not attempter?. 
<> 
Lignite is considered to ba a poor c z ~ d i d a t e  as a * 
reduct&t for the production of SoG-Si (13). It is anti- 
cipated to have many of! the same problems as experienced * 
ii in the past with charcoal. Since it is initially much 
more impure than charcoal, lignite was eliminated as a 
potential reductant. 
iii. Petroleum Coke 
This carbon material is one of the constituents 
, , 
used in the reductant mixture for the manufacture of MG-Si 
in the United States. A larger amount of petroleum coke 
is used in the mixture when MG-Si of higher purity is 
required. However, a trade-off exists since petroleum 
coke is the least reactive component of the mixture. An = 
\ 
effort was made to enhance the reactivity through expanding , 
ifs structure by intercalation (33). Although this' resulted 
in a doubling in the surface area 63? the icoke, the surf ace * 
U I  , 
area was still too low to effectively change its reactivity. 
I 
Since acid washing did not enhance the purity of the coke, 
- 'j 
either, this reductant was eliminated from the program. 
C 
V 
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i v .  Su_gar Charcoal 
Dr.' Robert Rheih of ;IPL suggested sugjas c h a r  bs a 
p o t e n t i a l  carbon reduckant  based upon i t s  p u r i t y  - see Table 
G and upon t h e  copious amount 6 f ' i n f a r m a t i o n  ha found i n  t h e  
I /? Aiterae,ure concerning i C s  p y r o l y s i s  and c ~ n v e r s i o n  t o  charcoa l .  
The c o s t  of *sugar ,  i t s e l f ,  on an e q u i v a l e n t  weight of 
s i l i c o n  b a s i s ,  was detefimined £ram i ts  cost of  $0.061/9b* 
rr 
when purchased i'ii l l i , 0 b b - l b  quant i t ies . . ,  The e q u i v a l e n t  
- 
c o s t  i s  detkrmined below based on an o v e r a l l  p rocess  y i e l d  
f o r  s i l i c o n  of 72%.  Also inc luded  i s  t h e  f i x e d  carbon va lue  
of 15.0 % (85.0 % v o l a t i l e s ,  0.0 % a s h ) .  
1 $1.07 l k c & a r r  24kgcarbon -_$ 0 . 1  2.2 l b  , 
11 Ib ' kg sugar 0.151 kg earban! ' 28 kg s i l i con'  0.8 ' 0.9 kg S i  
The c o s t  of s l i g h t l y  a v e r  $ l& Si does n o t  i n c l u a e  t h e  c o s t  
6f conver t ing  sugar t o  sugar  charcoa l .  c here fore, sugar  
I 
cirar i s  t o o  cnpe&ive f o r  t h e  goa l s  of t h i s  program. 
Sovoxal avenues of approach f o r  sugar  e x i s t ;  however: 
U 7 
,use of  sugar  directly i n  t h e  DAR where c h a r r i n g  
-, 
4 * . occdrs  Cn s i t u .  
use  a s  an addik ive  t o  t h e  main carbon r e d u c t a n t  
s o  a s  t o  cause  increased  bed p o r o s i t y  due to" d 
sugar  swe l l i ng  duri%< chqr r ing .  
C < 
, e use  a s  a b inder  f o r  t h e  main r educ tan t .  
4 (, 
) 
2. E lec t rode  
Ci 
Graphike e l e c t r o d e s  a r e  used t o  supply t h e  a r c  f o r  
ob ta in ing  h igh  temperature  f o r  - t h e  carbothermic r educ t ion  
pxocess w i t h i n  t h e  DAR. ExperLence i n  our  equipment has  
Dhown t h a t  t h e  consumable g r a p h i t e  e l e c t r o d e  c o n t r i b i t e s  
ih t h e  neighborhood of 7 % of t h e  carbon u t i l i z e d  du r ing  
s i l i c o n  product ion.  , ,~herefoxe,  it has  been necessary t o  
k 0 
J p u r i fy  g r a p h i t e  e l e c t r o d e s  t o  minimize contamination.  
'j ' 
' l 
is ULtracarbon Corporat ion has suppl ied  8 t o  15-cm-diamete~ 
e l a c t r o d c s  t h a t  were p u r i f i e d  a t  2500 OC under a f luoro-  
carbon atmosphere (10).  A r e c e n t  a n a l y s i s  of  an e l e c t r o d e  ' 
9 
used i n  experiment ~ ~ ~ - 2 0 0 - 1 8 " a ~ ~ e a r s  below. 
+' 
0 
- * .Wall street J o u r n s l ,  J u l y  21 ,  1978. 
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TABLEE; 1 3 .  ANALYSIS OF A PURIFIED 15-CM-DIAMETER ELECTRODE 
V. SXLICON PRODUCTION,STEP' 
A. Summary 
Reactors of 50-kVA and 200-kVA size were used to study 
the production of silicon using three different reductants 
C for quartz: charcoal, activated carbon, and carbon black. 
Charcoal was eliminated as a possible reductant because it 
becomes very unreacbive when purified at high temperature. :S 
Carbon black/sucrose mixtures are superior to actb~ated 
carbon with respect to reactivity, energy consumption, and 
puriky . q 
The best experiment utilizing carbon blask/sucrose 
pellets gave 128 kg Si during a 50-h experiment corres- 
ponding to an effective silicon production rate of 2.9 kg/h. 
Energy usage was favorable in a small esperimental reactor 
at only 26 kWh/kg Si. Typical silicon produced from such 
'3 experiments contained 50-100 ppmw of alun~inum and iron and 
less than 10 ppmw each of other impurities. 
B. Experimental 
1. General . - 
! Silicon was produced in two, somewhat similar 
direct arc reactors during the course of the contract. Early 
experiments Were performed from September, 1976 to August,1977 
in a 50-kVA reactor (DAR-50) located at Elkem-Spigerverket's 
R&D Center in KriskSansand, Norway. Later experiments were 
performed during the period from February to October, 1978 
in a 200-kVA reactor (DAR-200) purchased by Dow Corning from 
Elkem-Spigerverket. 
DAR-50 is shown in cross-sectional view in Figure 3. 
Dimensions are in millimeters. The DAR is divided into a 
separate upper and bottom section. The upper section is 
divided into two sections along its axis. A:$0% A1203/ 50% 
u Si02 ceramic lining is contained within a cast iron shell. 
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, 
The bottom section of the DAR is ceramic lined and contains 
electrode pas-te which provides circuit completion for the 
a arc struck between the electrode and the graphite hearth. 
The external power supply is connected to the graphite 
F electrode at the top A d  to the copper electrodes inbedded I: 
)I in the carbonized paste at the bottom. A spout is provided 
for tapping silicon metal from the graphite hearth. The 
spout consists of graphite coated with chemically5-vapor- 
deposited silicon carbide. 
<\- 
>/ 
I' DAR-200 is a much-improved version of DAR-50. The main 
differences, however, are in the larger size smelting pot 
(60-cm I.D.) and electrode (15-cm I.D.). Changes in the 
electrical system provided for much more control of the 
carbothermic "reduction process. 
The ceramic liner used in the.zDAR has potential ofo 
contributing significant impurities to the smelting process. 
This potential was minimized through pse-contract experiments 
C that pointed out values for reactor parameters which provide 
insulation of the ceramic liner by unreacted raw materials 
4. - 
from the high-temperature smelting zone. This is easily 
done by maintaining the electrode diameter small enough so 
dv, 
as to not form too large of a cavity within the reactor (see 
Fig. 4). Such an insulation effect can also be attained by 
employing a sufficiently large reactor diameter once an 
optimum electrode diameter has been determined. Figure 4 
shows the cross section of the DAR,after half of the upper 
hearth section was removed following a successful experiment. 
The cavity that surrounds the electrode had its walls formed 
by strong sintered material consisting of partially reacted 
raw materials and silicon carbide. Unreacted raw materials 
are shown external to the cavity walls. 
Experiments were run somewhat similarly. Quartz was 
crushed and screened to -30 + 5 mm size while the carbon 
size'.varied considerably. These materials were charged to 
Y // 
the DAR every 1-2 h in a mixture having greater than 1&00% 
3 
39 
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carbon content*. Such an amount of carbon causes the 
formation of silicon carbide, which is required for later 
silicon production, at the bottom of the furnace. After 8- 
24 hours, the carbon content was reduced to provide suitable 
I 
reaction conditions for producing silicon. 
At the end of a 1 to 2-h period, silicon was removed -?I 
from the DAR. The walls of the cavity around the electrode 
were then crushed with graphite rods. A new charge of raw 
materials was added to the furnace and smelting was con- 
tinued for another 1 to 2-h period. 
DAR-50 was run at 40 kW with the voltage between the 
hearth and the electrode varying from 30-40 V. Reaction 
conditions were controlled by varying the distance between 
the tip of the elef.?trode and the hearth. DAR-200 was 4 operated at abouty'80 kW with the potential varying from 
about 50-60 V. i 
* ( 7  
2. Charcoal as Reductant 
Experiments centering around purified charcoal as a 
i 
i 
J, 1 
reductant represented 18 of the total 28 experiments carried 
out under this contract. The first eleven experiments were 
performed at Elkem in DAR-50 in order that Dow Corning 
personnel could obtajn the needed technology for further 
investigations at Dow Corning. In addition, DAR-50 is the 
only small-dcale, easily accessible reactor known to be 
available for work of this type. The remaining seven char- 
coal experiments were carried out at Dow Corning in DAR-200. 
Data for the various charcoal-reductant experiments are 
presented in Table 14. Tests were made with commercial 
reductants* to establish baseline operating conditions. Runs 
were also made with unpurified charcoal to determine base- 
I 
i line parameters from which to compare experiments utilizing 
i 0 
purified charcoal. 
, 
.i. i: <f' 
* 100% carbon content represents the stoichiometric amount of 
ii carbon, i.e., two g-atoms of carbon per mole of Si02. 
* Coal, coke, and wood chips. 
<I 
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i TABLE 14. DATA FOR S I L I C O N  PRODUCTION USING CHARCOAL A S  A REDUCTANT 
i C'z 
j 1 ,  1; 
t! 
\ P L%- > 
3 * 
I( 
i 
0 
E1 
0 
i + V L a i? 
I * .  . *  
C 
Aver. 
Carbon Total Electrode Wt. Si Aver. Aver. 
- Content Time Consump. Produced Rate Energy 
Quartz Carbon ( 8 )  - (h) (g/h)* (kg) (kg/h) (kWhTkg) 
Norwegian Charcoal - 45 - 30 0.7 48 
Arkansas charcoal - = 26 - 12 0.5 55 
Arkansas Commercial - . 26 - 14 0.5 44 
Arkansas Char. (2500a) - 15 0 0.3 0 - 
Char. (2000') - - Arkaosas 30 970 4 0.1 188 
Arkansas Charcoal - 30 200 15 0.5 60 
Arkansas Char./Char. (2000") - 27 220 12 0.4 56 
Arkansas Char. (1700°) 91 26 360 0.7 0 - 
93 22 150 4 0.2 Brit. Colum. Char. (1700a') 128 
Brit. Colum. Char. (20004) 92 17 160 0.2 0 - 
0 
Brit. Colum. Char. (1900') 95 29 = 160 8 0.3 64 
Arkansas Commercial - 36 660 42 - - 
Arkansas Charcoal 110 30 594 1 43 1.8 3 4 
Arkansas Charcoal 99 48 361 110 2.6 29 
Brit. Colum. Charcoal a 98 34 141 52 1.5 37 
Brit. Colurn. Charcoal 98 35 435 62 2.0 38 
Arkarlsas Char. (coconut) - 14 32 8 4 - ,  - 
char.' (2200°) - 36 448 44 2.2 =3 6 Arkansas 
I il = C - 
2 ,  .- 
r .  
r 
i s  i i 
; 3 
j i I) F I 
- 
- 
Run No. 
DAR-50-1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
AR-200-1 
2 
3 
4 
5 
6 
7 
I! I -V d 3 
1 
The important message $0 be gained from the data in 
Table 14 is that it is difficult to produce large quantities 
of silicon using purified charcoal as a reductant. 
Consequently, low,production rates occur with accompanying \ high energy usage. These trends are more obvious when it is 
realized that extraordinary operating conditions had to be 
used to make the silicon that was obtained.> It is believed 
that such conditions, e.g., a low carbon content in the 800% 
range, cannot be used to commercially produce silicon. The 
problem of poor charcoal reactivity is treated in depth in 
the earlier "Raw Materialss' section of this report. 
Emission spectrographic analyses of the silicon produced 
from charcoal-reductant experiments are provided in Tables &, ' "ii 
15 and 16. Samples were obtained by melting:,-down 1 kg of 
DAR-Si in a Czochralski puller to homogenize the sample. 
A sample of silicon was withdrawn by suction casting it in 
a small diameter quartz tube to quickly solidify it, thereby 
C 
minimizing segregation of impurities. This sample, after 
removal from the tube, was submitted for analysis. The 5 ?a 
use of purer raw materials obviously resulted in production 
of purer silicon. The data also confirms, in specific 
instances, that the gain in purity through use of better raw 
materials can be offset by use of inconsistent purification 
of charcoal, contamination of the raw materials by further 
ir) 
handling after purification, and by6ontamination of the 
,- 
2 
reactants in the xeactor by airborne,,materials or by acciden- 
tally dropping con tam in an;^ into the reactor. 
4 
Boron and phosphorus analyses were performed on DAR-Si 
that had gone through the purification step. These analyses 
are provided later. 
3. Carbon Black and Activated Carbon as Reductants 
Attention was focused on carbon black and activated 
carbon as reductants due to their low levels of impurities 
..t 
as indicated by emission spectrographic analysis. Three 
i silic~n production experiments were performed usinghcti- 
I 
vated carbon while six tests were made with carbon black 
-==?, 
-1 
ii 
r !  
, 1 4 3  
1 
,& 
L A .-- - --" - --* --- _-- +-.-.- 1- --- 


pellets bound with either various starches or sucrose. 
While data from these experiments are somewhat limited in 
quantity, the conclusions drawn from the data base are Y 
,, 'k- 
confirmed by later experiments performed after,>[contract \. 
The use of carbon black/s~;crose pellets (0.6 to 1.u-cm 
diameter) having 30% by weight s~lcrose I, resusceu r r l  
stantially higher silicon product$.on rates as compared to 
carbon black/starch pellets or any.pellets containing 
- - 
- -  - 
activated carbon. Additionally, lower energy consumption 
(kWh/kg Si) also occurred when using carbon black/sucrose 
, r 
-. 
L 
,- 
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i @ 
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TABLE 17. DATA FOR SILICON PRODUCTION USING ACTIVATED CARBON AND CARBON 3 = " -  'b b BLACK REDUCTANTS 
TABLE 18. SUMMARY OF SILICON PRODUCTION EXPERIMENTS. 
0 ;  
BETAXLED IN TABLE 17. 

Earlier experiments produced silicon of less purity, 
especially Fe and Al, since determining reactivity was I> , I 
of a higher priority than obtaining pur&ty. Activated i ".Y, 
4 carbon presented a problem with respect to iron due to , 
generally being $resent in the activated carbon samples 
themselves. Later experiments with carbon black, DAR- 
200-14, 15 and 16, represent what we befieve can be 
U 
produced on a consistent basis, i.e., A1 and Fe of 
50-100 ppmw, with all other impurities being less than 
10 ppmw. 
Calcium is hot a problem since it vapoqea upon 
<r -\ 
melting and holding silicon for a short time. Boron 
and phosphorus analyses were performed after Czochralski 
growth and are reported in the next section. 
The hpurity analySes of DAR-~i as indicated in the 
latter runs in Table 13 nleet or exceed the s 
for SoG-Si that were outlined in Table 1. 
0 
7 
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VI. SILICON PURXFICATION STEP " 
% Sillpurity segregation was shown to be the sanm for 
. < .  3 7#  
polycrystalline silicon as it is for single-crystal 
growth if a reasonably dilute melt is used in order to 
prevent constitutional supercooling. DAR-Si was purified 
by g~owing SoG-Si poly-ingots using the Czochra&ski 
technique. Compositional analysis of the poly-ingots showed 
them to meet all Dow Corning-set specifications for 'l impurity 
concentrakions , except for borol~~, Rowever, Cl~e concentration 
of boxon f s near C11at xeported by others to give n~aximum , 
\I solar cell ~fficiency. The usable poly-ingot yield Erom DAR- ('7 
Sh was shown to be 778. $uggestions to i111prove the yield 
.wars mndo, Growth o f  single-crysqt=al s i l i con  from tha SoG-SI 
B. Czochralski Crystal Growth 
1. Impurity Segregation During Growth of Poly-Silicon 
Czochralski crystal growth of an ingot from DAR-Si 
feed stock always resulted in polycrystalline material. This 
most likely is due to the 100-ppm concentrations of alumi um 1 X 
and iron in DAR-Si. Therefore, the ef4ect of polycrystal~ine 
,.' 
Growth on effective segregation coefficient was investigated 
prior to the onset of constitutional supercooling of the melt. 
Copper and manganese were used Lo d ~ p e  semiconduct~r o 
silicon since the concentrations of both impurities can be 
accurately determined by thermal neutron activation analysis. 
Ingots of 3.5-cm diameter were pulled at 11.5 cm/h in a NRC, 
Elodel 2805, crystal puller. 
In one growth experiment a single-crystal seed was 
used and pulling continued until loss of crystalline structure, 
due to constitutional supercooling, was observed. A poly- 
cristalline seed. was used in the second experiment and poly- 
1 
crystalline ingot growth qllowed to proceed until feathering ' 
of the outer ingot surfice was observed indicating the onset 
.# 
of constitutional supercooling; (see the bottom of the large 
ingot indicated in Figure 5) Grain size was such as to 
2 produce a grain density of 20/cm . 
Samples were selected from the full-diameter region 
of the ingots just below the seed, from the region just 
above the point where constitbtional supercooling occurred, 
and from the tang end of the ingots (approximately 4 cm 
after constitutional supercooling occurred). The samples 
were analyzed by neutron activation analysis for copper 
and manganese concentrations. 
Results are shown in Table 20 for analyses of the 
:> single-crystal seed sample, polycrystalline seed sample, 
single and poly samples taken just prior to the onset of 
\ 
constitutional supercooling, ?ndbinally the respective IS 
tang-end samples. The concentrations and, therefore, the % 
N effective segregation coefficients for the various regions 
'are, for all practical purposes, identical for single- ! 
1 
- crystal and polycrystalline material. Relatively larger 
1 I, 
\ -  52 
1 
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TABLE 20. Comparison of Purification by Czochralski 
Freezing of single-crystal and ~ o l ~ c r ~ k t a l l i n e  
Silicon Ingots. 
1 
! 
! 
Sample 
Identification 
Seed 
TYPe 
Single 
Poly 
Single 
Poly 
Sample 
Position 
,. 4) " 
'u' 
Near 
seed 
Before loss 
of structure 
Impurity 
~dnc~ntration 
(ppma 
Single I Near 
Poly 1 t a n g  
Mn 
0.028 
0.026 
133 
198 
988 
1090 
Effective 
Segregation 
Coefficient 
Cu 
ll 
0.085 
0.077 
3.34 
5.26 
32.9 
29.2 
Mn 
1.2~10-q5 
1.13~10 
5.7~101: 
8.6~10 
0.429 
0.473 
Cu 
4.25~101: 
3.85~10 
1 . 6 7 ~ 1 ~ ; ~ ~  
2.6~10 
0.16 
0.14 
I 
4 differences exist at the points just prior to the onset of 
constitutional superoooling; however, rapid changes are 
$ c 8 occurring in this re<ion and O slight differences in the 
sample site could easily explain the observed variation. 
I . The relatively high concentration prior to the occurrence of 
1 constitutional supercooling has been observed in other 
i 
d ingots and is attributed to impurity trapping during cell- 
ular growth. Once constitutional supercooling occurs, the 
r 
effective segregation coefficients increase from near their 
equilibrium values in the seed end of the ingots to very 
large values approaching 0.2 for copper and 0.5 for manganese. 
3 
These data imply that polycrystalline ingot growth is just 
as effective as single crystalline ingot growth for segregating 
impurities from the solid into the melt. The data also suggest ' 
,.. 
I I> that segregation is less efficient for melts more concentrated 
1 in impurities. However, the impurities in DAR-Si are low 
?( enough in concentration, as shown in Section VP.B.2.b, such 
J 
ti * 
1 that segregation is a very efficient purification technique 
for this material. 
W - i  
{ I  Higher growth yields of polycrystalline ingots are 
.(! 
f expected compared to the yields experienced for single- 
i crystalline ingots in the semiconductor industry. This is 
I 
t because growth is terminated upon loss of singularity, 
1, i 
in the latter case. Other benefits of' polycrystalline 
i 
growth are reduced seeding problems, e.g. due to twinning, 
and use of larger diameter poly-seeds for pulling massive 
ingots. 
2. 1' Poly-Ingot Compositional Analysis (3 
a. Boron and Phosphorus 
The cancentrations of boron and phosphorus 
1 
f were determined from electrical resistivity measurements 4 
+ made on single-crystal silicon. The procedure involves 
first pulling a small-diameter poly-ingot from DAR-Si in 
m a ~zochralski machine, as indicated in Figure 5. This 
ingot was then multiply float zoned leaving sections that 
I, 
fl 
4 3 i( 
,*. ar 
5 5  
had been zoned from one t o  seven times. E l e c t r i c a l  
r e s i s t i v i t y  measurements made on the various sec t ions  
provided da ta  f o r  computing the boron and phosphorus 
d 
concentrations (see Ref. 1 4  f o r  d e t a i l s ) .  These values * 
were then adjusted t o  represent the a c t u a l  concentratidns '  r2 
of t h e  impuri t ies  i n  the  o r ig ina l  SoG-Si ingot .  Y 
Boron and phosphorus analyses- were performed only on 
SoG-Si ingots  pulled from DAR-Si  produced i n  the experi- 
,merits indica ted  i n  Table 21 due t o  t h e  amount of work 
required per  analysis .  The SoG-Si of highest  pur i ty  was " J 
an ingot  pul led from, s i l i c o n  produced during experiment , - 
I '  
DAR-200-17. The boron concentration was 6 .8  ppma (0.12 ' 
ohm-cm) and the phosphorus concentration was 0.45 ppaa3. , , 
The da ta  from t h i s  experiment were reproduced in two 
. \ 3 
experiments performed a f t e r  contract  terminat ion.  
0 
How do the data  from experiment DAR-200-17 compare to . 
the spec i f i ca t ions  suggcstad fo r  SoG-Si i n  Table l? The 
phosphorus concentration met the suggested masfmum spec i f ica t ion ,  
o f  0 .5  ppma. The boron concentra,pion of 7 ppma (0.1 ohm-cm), + 
however, exceeds the  suggested spec i f i ce t ion  of 2 ppma 
C' (0.3 ohm-cm) . Since the suggested boron spec i f i ca t ion  i s  by 
no neans a r i g i d l y  determined value,  see Section IV.B, i t  i s  
i n t e r e s t i n g  t o  compare i t  t o  information reported i n  the 
l i t e r a t u r e .  Our 0 .1  ohm-cm esac t ly  matches the value reported 
by Green (3)  and by Dunbar and Hauser ( 4 )  £or, Phe doping 
r e s i s t i v i t y  'g iving maximum soaar c e l l  efficiency . I l e s  and 
Soclof (15), i n  addi t ion t o  Fischer and Pschunder ( l b ) ,  
i nd ica te  s o l a r  c e l l  e f f ic iency should peak around 0 . 3  G 
ohm-cm such t h a t  our SoG-St would produce c e l l s  having an 
output only 94% of maximnum. Therefore, even though the  
s i l i c o n  from -experiment DAR-200-17 d id  no t  meet the  con- , 
servatiye 0 . 3  ohm-cm speci f ica t ion ,  the 0 . 1  ohm-cm mater ia l  
cones very ciose t o  the  maxirncm i n  c e l l  e f f i c i ency  versus 
r e s i s t i v i t y  data reported by various inves t iga to r s .  
  he blcimate t e s t  of SoG-SI l i e s  i n  the qua l i ty  of 
! 
the so la r  cells ,  i t  can produce (see Sectiop V I I ) .  A 
! 
8t c o n p o ~ i t i o n a l  spec i f i ca t ion  i s  also required. 
I 
i Close &exaqination of Table 2 1  s u ~ g e s  ts t&a t  various 
1 reductions ,in *the, c o n a n t r a t i o n  of boron o r  phosphorus 
I 
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might be directly tied to changes in carbon black (CB) 
or quartz sources of supply. The gradual reductions in 
impurities were partially due to ever improving methods 
of clean operation of the DAR, espeAally 'during later d 
11 
experiments. The most obvious reduction in phosphorus 
can be definitely traced to the use of Thermax Stainless 
*I 
carbon black in experiment DAR-200-17. Again, this low, 
concentration of phosphorus in SoG-Si was coniirmed by 
later experiments in the DAR. > 
\ 
O 0 
b. Other Impurities 
Analysis of the final Dow Corning product for 
impurities other than boron and phosphorus is difficult 
since the impurities are about equivalent to the con- 
centrations found in semiconductor-grade silicon. An 
analysis of the SoG-Si ingot at the 50-% point of the 
silicon pulled - from experiment DAR-200-17 is shown in 
column three of Table 22. The analysis was perfomsd in. i C 
- Dow Corning's spark-source mass spectrometer that has 
oniy analyzed pure semicbnductor-grade silicdn. All e 
nt,. indicated impurities in the SoG-Si could not be detected, 
at the 3-30 ppba sensitivity af the instrument, except ' 
for sodium which was present at 3 ppba. Nearly identical 
results are found when analyzing semiconductor silicon; 
n 1 . .  all impurities analyze to have concentrations lower 
than their detection lirrits of 3-30 ppba. ~arliE$+ work 
( 
(10) showed that there was nu detectable di.kferenc'e.$n 
the purity of the silicon between the 40-% and 65-% amounts 
of the total silicon J pulled. No difference in quality is 
expected between the 0 to 76-% portions (see next section). 
, 
Earlier reported data (10) indicated that a reasonable 
estimate of impurity concentrations in, the SoG-Si ingot L 
could be obtained by multiplying the effective segregation 
coefficients times the impurity concentrqtions found in the 
* 
DAR-Si. The results of tfiis appear in8Table 22 where the , 7 
c.- 
impurity concentrations (now in ppma) of silicon from L 
experiment ~ ~ ~ ~ 2 0 0 - 1 7  +A have been multiplied by the effective 
4 
segregation coefficients reported in Reference 6. The 
1 
1 estimated cancentrations are less than the SoG-Si specifi- 
i 
. 112 
cations from Table 1 in all instances. i 58 
r 
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These low values of  impurity concentrations should 
permit the Dow Corning polycrys ta l l ine  ingot  t o  meet o r  
exceed any spec i f i ca t ions  f a r  such impuri t ies  i n  SoG-Si. 
.. 
3 .  Poly-Inpot Yield 
Polycrys ta l l ine  ingots  were pul led  from DAR-Si 
(9 
using a  Bamco. Model 800. c r y s t a l  growth machlne. ,,The 
purpose of the  p u l l s  was t o  e s t a b l i s h  usab le2 ingo t  g i d ~ d .  
i n  a l a r g e r  machine s ince  ingot  y i e l d  has been msch3pe ' I "%,  
l i thi ted a t  659. i n  the smaller  NRC equipment. 
\< Si l i con  from the DAR was loaded i n t o  the  c r y s t a l  
grower and melted under argon. Slag f l o a t i n g  on the  
s i l i c o n  sur face  w a s X t o t a l l y  removed by blowing it t o  the  
s ide  of  the  cruc ib le  and freezing it  there  by ca re fu l ly  (9 
lowering t h e  cruc ib le  temperature. The s l a g  was predomi- 
n a t e l y  s i l i c a  t h a t  had been formed by oxidation of the 
s i l i c o n  surface during i t s  removal from t h e  DAR. The 
weight of t h e  s l a g  as a  percentage of the t o t a l  mater ia l  
cWarged t o  the  puller. was n o t  measured. 
Although a  s ing le -c rys ta l  seed was used t o  i n i t i a t e  & 
.growth, t h e  r e s u l t i n g  ingot  was always po lyc rys ta l l ine .  
The ingot  sur face  appeared the same as  t h a t  o f  a  s i n g l e  
c r y s t a l l i n e  ingot  without i t s  longi tudinal  l i n e s  due t o  
the i n t e r s e c t i o n  of c r y s t a l  planes.  The bottom 7% of the  
c r y s t a l  (see Fig. 5 )  was feathered due t o  the  onset of 
c o n s t i t u t i o n a l  supercooling. 
The da ta  i n  Table 23 i nd ica te  t h a t  t h e  average 
y i e l d  of  t 1 t a l  ingot  from the  charged mater ia l  was 83%. 
The usable ingot  y i e l d  was 77% a f t e r  the feathered end 
was cropped. In a  l a t e r  economic ana lys i s ,  98-% y i e l d  i s  
asi!sumed f o r  a comerc ia l - sca le  operation. 
The da ta  in Table 2 3  a re  obviously t h e  r e s u l t  of a  
very incomplete inves t iga t ion .  It i s  not c l e a r  how much 
,A 
the usable  s i l i c o n  y i e l d  can be increased by recharging 
the feathered end of the  i n g o t  nor by decreasing &he amount 
* 
of s lag* charged t o  the p u l l e r .  
*This i s  easf ly  done by improving the removal technique of 
s i l i c o n  from t h e  DAR. Scale-up would be a  s i g n i f i c a n t  
f a c t o r  i n  -i tself ,  
i. 
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The final Dow corning product-was tested to determine 
whether it would be a suitable material for a user producing r /  - 
*r 
"sheeto material via the Czochralski technique. The SoG-Si 
poly-ingot was again loaded into a Hamco, Model 800, Y 
Czochralski puller. The resulting ingots were always single" 
crystalline and exhibited the same characteristics as ingots 
pulled from semiconductor-grade silicon, such as lack of 
seeding problems, good diameter control, and silicon yield. , 0 i i" 
d' 
Second-generation ingots were pulled from thi\ seed and Ci i . 
tang ends of the same SoG-Si poly-ingot (see Fig. 5) and I 
I 
showed no difference in pulling aharactesistics [see above) I 
' that might be attributed'to different levels of impueity /I 
concentrakions along the 1e.sth of the poly-ingot. 
O 
1; 
I1 
i 
,, 
> 
C. Br$dqman Crystal Growth 
d , 1. EAperimBntaL 
h/ 
1' The objective of this technique was to demonstrate 
/ 
' the feasibility of segregating impurities during the uni- 
dixectional salidificakion of silicon i n  a cylindrical form. 
The approach was to solidify silicon from the bottom to the 
Cop of a crucible by controllably decreasing the temperqkure 7 
I 
so that the solid-liquid interface moves upward. The reason 
0 i 
V 
The Astro, Model 70-240, Gradient Furnace System, as)  
shown in PLgure 6 ,  cons$,s.t;s of'a three-zone, variable \\ \\ 
temperature-gradient, furnace assexnbly and a retractable Y 
'/ 
work-support hearth, The effective work zone of'the \ 
4 
x 61-cm long, with the central. _ 
constant temperature to a , 
either? 
gradient, is 1700 OC. 
, 
, 
nine experiments carries out by Bridgman solidi~ 
are summarizad in Table 24. No segregation was 
1 
1 1  , a when purifyiqg MG-Si by the Brkdgrnan technique. 
I 
1>\ 
attributed to the large concentration of impurities 
are not mixed into the melt as they are 
interface. No forced mixing 
- 3  
as is t:he case for Czochralski crystal \\ 
f i 
) 
63 
I 3 ,  
> 
, 
, I  
for pursuing this technique was that it appeaks that the I 
,?furnace equipment should. be readily scalable to large- 
i diameter ingots within reasonable capital costs. This is 
. 
Fi"' ' B  c 1 ,necersaty since crystal grc~,Jh capital represents amajor 
) portion of the total cost of producin9 silicon via the bow 

TABLE 24. BRIDGMAN-TYPE EXPERIMEBTS TO SEGREGATE IMPURITIES 
DURING UNIDIRECTIONAL SOLIDIFICATION 
I .  
i 
Experiments 3-7 werg performed using doped semi- 
conductor silicon in order to more precisely approximate 
f 
. the purity of DAR-Si. Two unidirectional solidif.ication rn 
methods were used. Ih Experiments 3-6, the crucible was 
mair,t,ained in a constant position while the temperature 4 \ 
was decreased while maintaining an 100 O C  temperature 
gradient across the 30-cm length of the silicon. For 
Experiment 7, the crucible was dropped out of a constant- 
temperature zone into a H20-cooled zone of much lower 
temperature. The silicon mass, temperature gradient, and 
the rates of cooling and solidificati~n are provided in 
I /  Table 24. 0 
0 
Segregation of boron in Experiment 3 was not obvious 
due to the high segregation coeffickent of boron (0.8). t> , 
~ffective segregation of aluminum, however, was apparent - 
in the later experiments due to its more favorable segre- 
I gation qoefficient of about 0.002. Aluminum was used as 
t 
I f .. * 
, a dopant in order to simulate the sffektiveness of reducing 
i 
I. / /  the concentration of metals that have even lower segregation - 
I coefficients. Aluminum doping is most convenient since its 
I 
I c~ncentration can be calculated alongithe length of the 
ingot from resistivity measurements made on large grains. 
The generaJ. experimental procedure vas to heat the 
silicon charge over a 6-hour period until it was 1550 OC 
at the top of the melt,,and 1450 OC at the bottom. The 
temperature was then dropped over 14 hours to 1350 'C at 
the top of the ingot. The temperature gradient was then 
decreased to zero and the ingot cooled to room temperature 
in 24 hours. The total elapsed time was about 45 hours. 
In the case of Experiment 7, the melt was maintained at > 
J 
1550 OC for 3 hours after the initial 6-hour heat-up. The 
crucible was then dropped at 5,,cm/h. Total elapsed time 
- 
was 24 hours. The ingot, upon removal from the quartz * 
crucible, was some times found tobe one piece and some times 
. 
j to be cracked. No efforts wer,e made to inyestigate cracking. 
f 0 
1 
J. 
3 
1 
ii 
" f 66 
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Figure 7 . Photograph of Grain Str~lrttire in Bridgman-Solidif ied 
SilLcon Ingot (Scale in s m ) .  
i The ingot was then sawed in half along i,ts axis, etched in 
KOH to enhance grain structure (see Figure 7 ) ,  sand 
blasted along a strip running up the ingot axis, and 
- 
finally the resistivity was measured incrementally along 
i 
the strip. 
r- - 
The effects of aluminum segregation along the solidifiad 
ingots are shown in Figure 8 for ~xperiments 4, and 7 
(the ingot from Experiment 6 cracked severely due to loss 
of furnace power). The segregation of aluminum from the 
bottom to the tog of the ingot is obvious in all cases. 
it The data for Experiment 5 lie approximately one order-of- 
magnitude higher than Experiment 4, in agreement with the 
initial aluminum do~ing levels of 100 ppm and 10 ppm, 
respectively. The shape of both curves agree in general 
with the shape Q £  the theoretical curve (see Figure 8) 
which was calculated from k-1 C = k Co (3-?I) 
where the concentration, C, is a function of the initial 
concentration, Cot the segregation coefficient , k, and the rr 
fractional part of the melt to freeze, X. 
~ropping the hearth from the heater zone to the water- 
cooled zone apparently yields more efficient segregation of 
aluminum. 
Two crack-free ingots, 9-cm in diameter and 13-cm high, 
.I/ 
were grown from upgraded arc-furnace silicon. For the ingot 
grown at a rate of 5 cm/h (720 g/h), the major impurities 
of Fe and A1 started to appear at the 36-8 point. In case 
of the ingot grown at 2.5 cm/h (320 g/h), impurities started 
to appear at the 49-% point, The low yield 09 purified 
silicon is considered to be due to impurity trapping at the 
grain boundaries of the polycrystalline ingot and to 
.,;6 
excessive impurity build-up at the solid-liquid interface. 
i l  * 
- 
i 
i 
.. 
!L 
: 
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2. Cost Analysis -
Detailed cost analyses were carried out, in 
1975 dollars, for two different growth rates at ingot 1 
diameters of 25, 30 and 50 cm (7). The corresponding - 
crucible capacities consi,dered - were 45, 81, and 450 kg 
of silicon, Cost numbers were calculated based on =2 the 
following assumptions: 
DAR-Si can be effectively purified by the Bridgman- 
type process to yield 90-% usable silicon. 
Installed capital cost for the process was estimated 
at 2.5 times the equipment cost and depreciated 
over a period of seven years. 
I Furnace cool-down, clean-up and maintenance was 
F considered to be 20% of the total gr~wtp~cycle. 
I Power consumption was estimated at 25 XWh/kg Si 
for a 45-kg charge and 20 kMh/kg for a 450-kg 
charge. The power cost was estimated at $0.025/k~h. 
The weight of the silicon charge and rate of the ingot 
growth'were the two single most important factors which * 
affected the cost of the purified silicon. The power,con- 
sumption was also a significant cost item. At a growth rate 
of 5 cm/h using a silicon charge weighing 45 kg, the puri- 
fication cost was calculated to be $3.96/kg sLlicon. At a 
higher growth rate of 11.5 cn/h from a 450-kg crucible 
charge, silicon could be purified at a cost asZlow as $1.48/ ' 
kg Si, assuming all technical assumptions could be met. 
3. Conclusions , 
, I  
The Bridgman technique of purifying DAR-Si Q 
was discontinued dueto limited funds. The choice was made 
to continue crystal growth purification using the Czochralski 
technique due to its much higher degree of technical sophisti- 
, t 
<,cation. In the long-range, however, further development of 
Bridcjman purification technology is recommended since it 
could result in lower-cost SoG-Si. 
Q_ 
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D. Vacuum Evaporation 
1. Background 
Cs 
It was suggested by JPL that Dow Corning 
attempt to purify silicon via evaporation of impurities 
under vacuum, as indicated by Bradshaw and Mlavsky (17). 
To explore the feasibility of significantly decreasing 
the concentration of imp,urities in MG-Si by vacuum 
evaporation, an NRC, Model 2805, crystal puller was 
modified for vacuum operation. This unit permitted up 
IJ to 12-hour operation a$ pressures in the range of 0.1-1 
x Torr. The pressure selected for experimental 
investigation was 0.2-0.4 x lo-) Torr range. Experi- 
. . 
mental pressures were chosen to be slightly above the G 
vapor pressure of silicon at the particular melt temper- 
ature under study, thereby avoiding excessive loss of 
silicon 'which could result in actual concentration of 
impurities in the melt. 
2. Experimental Procedure 
* A sample of MG-Si was placed in a quartz 
crucible and loaded into the furngce. In the first 
L" 
experiment, the surface area of the molten silicon was 
2 60 cm while the mass of the silicon charge was 450 g, 
2 providing an area-to-mass ratio of 0.13 cm /g. After 
loading, the furnace was purged with argon and the charge 
was melted under an argon atmosphere (1 atm), Once molten, 
a silicon sample was withdrawn to provide a specimen for 
base-line impurity analysis. The chamber was then evacu- 
ated. Every three hours the furnace was back-filled with 
i 
argon and the melt was resampled. 
3. Results 
1 c Three experiments were performed using 
'4 different silicon area-to-mass ratios. Enission spectro- 
. P 
scopic analyses of silicon sampled at 0, 3, and 6-hour 
2 intervals appear in Table 25. No reduction in the con- 
%-* centration of any impurity element is discernable. 
- 3  
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0 
' r  
The variation in individual impurity analyses over a 
6-h interval is well within the error of the analytical 
technique. The concentrations of the volatile impurities 
Y 
As, Ca, Sb, and Sn were below their detection limits. 
i 
a* This is< most likely due to the high temperatures MG-Si 
1 
r is subjected to during its arc-furnace production. 
I The silicon in the experimgnt performed at the area- 
to-mass ratio df Q.. 44 g/cm2 had a layer thickness of 0.7 
Y:.i 
cm. This was the mini,mum thickness attainable due to 
the surface tension of the MG-Sic i; 
It was recommended that further work on MG-Si, 
?, 
purification via vacuum evaporation be discontinued. This <,-+ I J !  
! recommendation was made on the fact that absolutely no 
&-L Y 
I 
evidence had been obtained suggesting any degree of MG-Si 
purity improvement. Any continued effort aimed at sig- 
I nificantly increasing the surface area-to-mass ratio would 
1 
it 
\I 
.> 
pose both experimental and practical problems of concern 
> '1 
i - for'lthe viability of a vacuuxn evaporation process. This 
t p  
is due to difficulties associated with heating and con- 
! - taining large, thin Payers of molten silicon without 
I 
9 
k 
excessive energy usage and silicon contamination. 
/ 
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VII. EVALUATION OF SOG-SI AS SOLAR CELLS 
Proper choice of raw mater ia ls  allowed DAK-Si t o  be 
w 
produced with low boron (7 ppma) and phosphorus (0.5 ppma) 
concentrations during only the l a s t  two months of the  k 
cont rac t .  This DAR-Si. was f u r t h e r  processed, as  indica ted  W 
below, and supplied t o  two companies f o r  l imi ted  evaluat ion 
as  s o l a r  c e l l s .  I 1: 
Si l i con  from 'experiment DAR-200-17 was p u r i f i e d  i n  a  i 
Czochralski p u l l e r  t o  produce po lyc rys ta l l ine  SoG-Si. 
- This mater ia l  was then converted i n t o  s ing le -c rys ta l l ine  
(100) s i l i c o n  v i a  a  second Czochralski p u l l .  T>e ingot  
ranged i n  r e s i s t i v i t y  from 0.19 ohm-cm a t  the seed end t o  
0.18 ohm-cm a t  the tang end. S ingle-crys ta l l ine  ingots  
i 
were supplied t o  Applied Solar Energy Corp. (OCLI) and t o  , 
ARC0 Solar  Tnc. f o r  sawing i n t o  wafers and c e l l  f ab r i ca t ion .  D 1 
Applied Solar .Energy Corporation fabr ica ted  (18) twelve [ 
so la r  c e l l s  on wafers cut  from the  seed ha l f  of the  3-cm- * $ 
;I 
diameter i ngo t .  Values f o r  e l e c t r i c a l  parameters. f o r  the 4 
individual  c e l l s  a r e  provided i n  Table 26. Air-mass-zero 1 I 
e f f i c i e n c i e s  a f t e r  a  S i O  a n t i r e f l e c t i o n  coating ranged from 4 
7.2  t o  10.5:;, the average being 9.3:. This value i s  82% of 
I I 
con t ro l  c e l l s  fabr ica ted  from 2 ohm-cm semiconductor s i l i c o n .  _j 
' s  
Other average e l e c t r i c a l  parameters were VOc=599 mV, 
'I  
I s  c  =I24 mA and CFF=67%. Applied Solar Energy Corporation I 
estimated the average AMP ef f ic iency t o  be 10.62, assuming it 
i 
no l imi ta t ion  due t o  minority c a r r i e r  d i f fus ion  length.  
i 
Very l imi ted  s o l a r  c e l l  da ta  were provided by ARCO ii !i Solar,  Inc. on wafers cu t  from the  tang h a l f  of the  same i? 
3-cm-diameter ingot .  A standard process was used t o  produce 4 1' 
1 
24 c e l l s  the output of which t r ans la ted  t o  AM1 e f f i enc ies  b 
,t 
between 10.5 t o  13.4% when AR coated (19,20). 
Enhanced s o l a r  c e l l  processing (18) by Applied Solar % 
Energy Corporation did not  s f  &gnif i c a n t l y  improve c e l l  
performance. However, ARC0 Solar  was able  t o  push c e l l  a 
e f f i c i e n c i e s  t o  g rea te r  than 14% (AML, AR coated) by using 
enhenced processing (21). 
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Table 26. Solar Cell Data from Applied Solar Energy Corporation fo= Cells 
Fabricated from Wafers from Cgochralski Ingots Pulled from 
SoG-Si (DAR-200-17). i. 
,- 
-- 
 
Cell v +L MEASURED " ESTT_MATED 
OCT_ *,- *SC 'max , CFF rl (AMO) n (A~I) 
No. mv rnA mw 0 i % % 
t 
% 
i 
, 
1 609 127 56.6 73 10.5 , 12.0 i .  " s 2 I 3588 123 40.9 [ - 56 I 7.6 8.7 
3 608 125 30.5 ( 
4 597 124 
S 607 124 55.3 73 , o>-J 
u " 1  11.6 
cn 6 604 ' 124 54.2 72 10.0 11.46 
7 586 122 38. 9 @+- 7.2 ,, i A '8.2 
8 598 126 , 50.6 67 i .  
i 9.4 o 10.7- 
9 601 126 52.2 69 9.7 11.1 
10 600 122 ' 51.8 71 ! 1 ' 10.9 : 9.6 b 
11 5 9 3" 126 + 47.0 63 8.7 9.9 
3 
- 
0 
* Typical- for 2 ohm-cm 
I 
- 
12 _ 
Aver. 
*Control 
# 
598 
599 
. 
595 
123 
124 
132-136 
48.0 
50.0 
60 
65 8.9 
i 
! = 
67 t 9.3 
J 
76 
C 
10.1 
10.6 
12.8-13.2 O 
i^  dr Q>) 
VIII. THE DOW CORNING PROCESS 
!j 
' 
0 6 
Preliminary process Flow Diagram 
\ X I; 
A preliminary PFD was developed based upon the basic 
process outlined inLFigure 1: raw materials feeding a 
commercial arc furnace that subsequently yields DAR-Si 
O 
lumps that are charged to Czqchralski pullers. The 
4- 1 4 
polycrystalline ingots from the \, .pdller are the final . 
SoG-Si product from the Dow Corning Process. 
L 
The PFD in Figure 9 is comparatively simple compared n 
to that of,PFD1s prepared fqr most , , chemical plants. The . , 
PFD is based upon the output of 1 kg of SoG-Si. Quartz 
.sizing is assumed to result in a 5% loss of Si02. D 
I 
The DAR is a 6-IYVA unit cost estimated by Elkem-Spigerverket , 
A/S-for producing 3 0 0 0  MT/~ of silicon. A 80-% conversion 
of SiOZ to Si (based on Si) is typical of a commercial 
' - 0  
anit today. The 20-% Si loss is via SiO gas that ,is air F 
oxidized to Si02 dust at the furnaAe tbpi~and removed in, 
- &  
a baghouse down stream. , Electrical consumption of 22 kWh(kg 
7, 
is based upon actual data experienced in the industry for 
prodgcing MG-~i., ,) 
Q Silicon from the 6-MVA DAR is cast, crushed 60 size, 
and loaded into Gzochsalski pullers capable of contfnuously 
pulling 30-cm-diameter polycrystalline ingots of SoG-Si. 
1%; 
In this case, 72 pullers vrould be required for a 3000 MT/y ' 
rate with a 90-% ingot yield. The following section 
discusses th$ trade-off in' final SoG-Si cost versus ingot 
diameter. Electrical ensrgy consumption is based upon 
experignce and projection$ bya Hamco, Leybolt-Hereaus , and 
Vaxj. an .'I 1 
'3 , 
,> - 
B. Preliminary Oost Analysis 1 
A preliminary cost analysis of the Dow Corning Process 
was put together from two main sources of data. The first 
"source was a cost estimate prepared by ~lkem-~~i~dkverci! 
> 
A/SJfor a 6-MVA arcbfurnace. Their estimates are based on 
I , 76 
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FIGURE 9. PRELIMINARY PROCESS FLOW DIAGRAM FOR A 3000-METRIC-TON-PER-YEAR \\ 
;r SOLAR SILICON PLANT 
B 
1 0 C C '  rs 
J 
1, (2.22 kg C02 
(1 
" .... %* q.. e>r,- A n O L vent 
I 
1 
\\ 
Si02  Disposal  
A i r  - 
0.24 kg Si02 
i r  
- 2.64 kg SiO, 0 
- 
A i r  Dry 22 kWh e l e c t r i c i t y * *  
J ' , Carboc-------+ D i r e c t  - * 500 1 H 2 0  (cool ing)  c%: 
0.95 kg* Arc 
E l e c t r o d e t  Reactor c D O  
0.11 kg* - 
7 1.11 kg Si 0 
+ 2 - 6 4  kg n 
,, Cast 
0 
1.11 kg Si 6 
a 3 EL-' 
4 \0 c - 4  - 
Crush t o  $ --  S i z e  
'< \
7, 1.11 kg S i  ) .  
J , 
5 I <  P u r i f y  22 kWh e l e c t r i c i t y  
(72 p u l l e r s ) +  20 1 H20 (cool ing)  
Crush t o  , >A 
S i z e  
t S i  Disposal  Quartz 2.78 kg ' 1, - 
SoG-Si '> 0.11 kg'' 11 
1.00 kg 
1 
I .,' tr ,/- 
I 
* 6 
* 100-X f ixed carbon 
** 16 kWh/kg: DAR 
4 kWh/kg: Serv ices  and Environmental Control 
- (> 
20 kWh/kg S i  
i J) 
O "7 
4 
3 ( 
\ .?IL ) 1 H 
exper>knce of s u p p l y i n g  k p n a c e s  o f  t h i s  s i z e  t o  t h e  
\ j *, 
metallurgi<.yal i n d u s t r y .  
i J i  \ \  
r The s e c o n d  s o u r c e  df d a t a  w a s  t h a t  r e g a r d i n g  t h e  L 
\ I 
I /
r 
\ .,cost o f  C z o c h r a l s k i  p a l l e r s  t o d a y .  D i s c u s s i o n s  were 
I\ c a r r i e d  o u t  w i t h  H a m c o ,  LGybolt-Hereaus,  a n d  V a r i a n  
I '  , 
m 
I r e g a r d i n g  t h e  s i m p l e r  machine  r e q u i r e d  by  t h e  Dow Corn- 
\ 
I) 
\ i n g  P r o c e s s  and  t h e i r  ~ r o j e c t i o n s  of p r o d u c i n g  equipment  
\\ 
i c a p a b l e  of p u l l i n g  30-cm i n g o t s  c o n t i n u o u s l y .  
The p r e l i m i n a r y  cost  a n a l y s i s  w a s  c a r r i e d  o u t  i n  a 
manner & i r q i l a r . t o  t h a t  d o n e  by  P r o f .  Y a w s  of Lamar 
4 
u n - i v e r s i t y  i n  h i s  compar i son  of v a r i o u s  p r o c e s s e s  fo r  
p r o d u c i n g  silic,on. . ~ s t i m a t e l . ~ i n s t a l l e d  c a p i t a l  o f  $37,. 7 .,s 
., .. . . 1. ' 
( m i l l i o n )  w a s  c a l c u l a t e d  a s  b e i n g  e q u a l  t o  t h r e e  t i m e s  
t h e  c o s t  of p u r c h a s e d  equ ipmen t  (see F i g u r e  1 0 )  . The i! 
purchased  eq;iyment i s  b r o k e n  down by  s i l i c o n  p r o d u c t i o n  
/ (DAR, recovery, and e u x i l i a r y  equipmesi-9) and s i l i c o n  
s p u r i i i c a t i o n  ( C z o c h r a l s k i  p u l l e r s )  s t e p s .  The p u l l e r s  
". 
" , r e ~ r e s e , n t  79% o f  t o t a l  p u r c h a s e d  - equipment  v o s t s .  
The p r e l k n i i n a r y  c o s t  a n a l y s i s  in  F i g u r e  11 Shows j 
+. 
t h e  t o t a l  m a n u f a c t u r i n g  cost  o f  $6.56/kg S i  t o  b e  com- 
posed  o f  $4 .57 /kg ,o f  d i r e c t  c o s t  and  $1.99/kg o f  i n d i r e c t  
c o s t .  An a d d e d - g e n e r a l  e x p e n s e  o f  1 5 %  b r i n g s  ?he t o t a l  
SoG-Si c o s t  t o  $7.54/kg S i  (no  p r o f i t ,  1975  d o l l a r s ) .  6q 
\\ 
A series & i f o p t i o n s  are  a v a i l a b l e  for t h e  p u r i f i c a t i o n  
I 
' step. The ef fect  of t h e s e  o p t i o n s  on  t h e  f i n a l  S O G - % ~  ' 
. p r o d u c t  c o s t  i s  g i v e n  i n  F';igure 1 2 .  The f i n a l  c o s t  is  
I 
shown a s  a  f u n c t i o n  of i n g o t  d iameter - .  f o r  v a r i o u s  i n g o t  
y i e l d s  a s  w e l l  as p u l l i n g  t e c h n i q u e s .  A much more con- 
s e r v a t i v e  cos t  a n a l y s i s  'for c o n t i n u o u s  p u l l i n g  of 15-cm- 
Jl d i a m e t e r  p o l y c r y s t i a l l i n e  i n g o t s  a t  a n  80-8 y i e l d ,  shows 
I ! 
.(.hat t h e  f i n a l ,  c s t i m a t e d  c o s t  of SoG-Si t o  b e ' a b o u t  
$11.70/kg Si. T h i s  a p p r o a c h  u s e s  p r e s e n t - d a y  t e c h n o l o g y  
I /,; 
and r e q u i r e s  v e r y  l i t t l e  dcvel.opmerltal e f l o r t  in ~ z o c h r a l s k i  e I1 
, t echnology .  I, 
A more ' d e t a i l e d  breakdown of t h e  a c t u a l  i n f o r r n a t i o ~ ~ ~  
used  t o  g e n e r a t e  t h e  $s t i rna ted  cost  an$lysi.s i r l  F i g u r e  11 
/I 0 --, x - 2  
"I- - 
.) 78 8 
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PURCHASED EQUIPMENT << 
1. Direct Arc Reactor (DAR) 
2. Silica Recovery System 
COST (SE) 
1.38 
3. Auxiliary DAR Equipment $? t, - 1  I 
- $5-?L ' \  + 
t + . 4: .,30-cm itigst: pullers- '(72.) 
I n s t a l l e d  C a p i t a l  = 3 times purchased equipment 
- 
= $37.71 E 
*n 
\\ \\ 
3 1, 
I 
1 
I\ 
1-\ 
I ,  C 
Figure 10. Estimated Installed Capital (1975 Dollars) - , ,  
: J I for Producing 3000 M T / ~  of SoG-Si Via the 
J 
Dow Corning, ~&cess b 
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1. Direct Manufacturing Cost , 
- 
1 
\l \ 
A. l$w Materials $1.15/kg S i  
B. Labor (37@ $6.90/h + 50% O.H.) 0.27 
I( 
(9@ $4.90/h + 50% O.H.) 0.05 \\ 
\I 
C. Utilities ($0.03/kwh) 6 1.26 
! 
D. Maintenance (10% of i n s t a l l e d  1.26 
c a p i t a l )  
E. Expendables . 
*. . .  . . 
0.58 . 
-
. . 
. . 
4.57 
, 
2. Indirect Manufacturing Costs 
A. Depreciation (Pullers over 7 y) 1.41 
(other over 12 y) 0.20 
B. Taxes and Insurance (3% of capLt,al) 0.38 
-
n 
A 
1.99 
3. Total Manufacturing Cost (1+2) 6.56 
4. General Expenses (15% of 3) 0.98 
5, Total SoG-Si Cost (no profit) $7.54/kg Si 
6. SoG-Si P r i ce  ( * )  $12.15/kgSi 
/ ( 1  
5 - ,  
- 
Figure 11. Total  Estimated price '  (1980 Dollars,  with ,Prof it) -, 
of SoG-Si f o r  Producing 3000 MT/y Via the  Dow 
Corning Process Q 
( * )  P r i c e  was ca lcula ted  using a - t a x  r a t e  of 4 6 %  and a r e t u r n  on 
investment of 20%. A working c a p i t a l  of L5% was a l s o  added on 
t o p  of the " f ixed  c a p i t a l .  \-I 
, 
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1 s  
80 
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I/ 
i s  provided i n  ~ i t u r e s  13 and 14. Shown i s  a s l i g h t l y  i( 
d i f f e r e n t  cost  es t imate i n  w k b ~ c h  the  overa l l  Dow Corning 
<, 
Process i s  broken down i n t o  i t s  two major s t eps  which-are 
considered t o  take place ' in separate  p lan t s .  E i r s t  i s  a 
I 
i c o s t  es t imate f o r  a p lant  t o  produce 3300 MT/Y of DAR-Si. ii 
I The second plant  takes the DAR-Si and converts it t o  SoG-Si. 
This approach t o  the  overa l l  cost  ana lys is  d i f f e r s  
l i t t l e  i n  the fi6nal cos t  when compared t o  the 
p l a n t  approach. It does provide a mechanism, however, of 
ii f ! 
a 
, more c l e a r l y  ind ica t ing  individual  s t e p  contr ibut ions t o  
1% 
I / c'q,st. Further  information regarding Czochralski p u r i f i -  
j 
ca t ion  d a t a  can be found i n  Reference 7 .  
ii 
Again, the  major. c a p i t a l  cos t  r e l a t e s  t o  Czochralski . . 
. , 
c r y s t a l  growth. A lower-cost c r y s t a l  g;rowtM technique 
V 
could reduce manufacturing cost  and c a p i t a l  expenditure 
f 
"i s i g n i f i c a n t l y .  
f 
;1 C .  Eyergy Analysis 
'1 
>I  A complete energy analysis  from raw mater ia ls  t o  f i n i s h -  
{ ed s o l a r  a r ray  has been presented by Hunt (22) going the  ) 
semiconductor s i l i c o n  route .  An est imate was made (22) of 
' s: 
1 t h e  t o t a l  energy expended i n  using the  Dow Corning Process 
I f o r  s i l i c o n  $ ra the r  than the semiconductor s i l i c o n  process.  
.$ 
The component p a r t s  of t h i s  a re  the energy required t o  o 
'i produce DAR-Si and the energy necessary t o  convert i t  t o  
SoG-Si v i a  one Czochralski pu,l l .  \I 
The energy' to,,produce DAR-Si i s  near ly  i d e n t i c a l  t o  \\, 
=/5==2-- 
t h a t  f o r  MG-Si production, i . e .  , 24 kWh(e) /kg S i .  The energy 
i t  t o  produce 1 kg of Czochralski ingot i s  110 kWh(e)/kg S i  
(18).  I f  one assumes a 90-% y ie ld  of SoG-Si from DAR-Si 
t o t a l  energyAConsumption is  
= E ~ ~ ~ - ~ i  /0.90 + ECZO 
= 24/0.90 + 110 
= 137 kWh(e)/kg S i  
This corresponds t o  a 5.3-month payback time assuming a 12-%, 
2 Am1 c e l l ,  i l luminated by 100 mW/Crn during a .T>-hour day. This 
i C 
f i s  f o r  a 100-rnm-diameter, 200-~m-thick c e l l  containing 3 .6g10f  
I % 
i s i l i c o n .  ) 
i?' The above analys is  included the energy associated with 
I raw mater ia ls  used i n  the  DAR-Si processj,(l8). 
/5-- 
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Purchased Equipment 
Reactor (6MVA) 
Recovery System 
Auxiliary Equipment 
Cost ( $fi) 
1 .3'8 
0.32 
Installed -capital = 3 time's purchase& equipment 
Y Manufacturing Cost c Yl il 1 $/kqsi 1. Fixed Cost 6 
A. Labor(l3@ $6.90/h + 50% O.H.)l 0.09 \ ". 
(9@ $4.90/h + 50% O.H.) 0.05 3' a 
q B. Maintenance (10% of $8.0 11, 0.24 
C. Depreciation  ear j 0.20 
r' 
D. Taxes and Insurance (3% of $8.0;) 0.07 El 
0.64 
2. Variable Cost kg/kg Si $/kq $/kg Si 
Il 
I A. Quartz ', 2.50 0.20 0.50 11 i; 
B. Carbon Black Pellets*, 0.86 0.51 0.44 !: 
1.00 8.10 , lj C. Electrodes 0.10 I 
D. Electric Energy 20 kWh/kg $0.03/);Wh 0.60 I 
i:-.- I 1.64 
0 
h 3. Total Manufacturing Cost (1&2) --- 2. 28 
N 
'1 
a 9 . 
* 1 0 0 4  fixed carbon basis 
* , 
0 
Figure 13. Total Estimated Cost (1975 Dollar, no profit)- 5 
for Producing 3300 MT/y of DAR-Si i 4 ! 
I 
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Capital Cost n 
~urchzsed Equipment 
72 Machines 
Cost ($a 
9.9 . ,, 
(1 
Manufacturing Cost 
IX . CONCLUSIONS 
r 
i $ 
( <:-,<--% The technical feasibility of the Dow Corning Process 
i has been demonstrated for the high-volume production 
q of solar-cell-grade silicon. 
Raw inaterials are commercially available that meet9the 
volume goal for SoG-Si. 
Low-cost raw materials represent only 12% of the $lO/kg 
price goal. 
Special commercially-available raw materials were 
[I identified which were reactive in the Direct Arc 
Reactor and which were pure enough to produce 
silicon that could be fabricated into.reasonably 
efficient solar cells. 
Silicon can be continuously produced in a Direct Arc 
Reactor, 0 
1 -  '1 . 
The concentration'of impuriti6s incsi'licon from the '8 . 
3 %  \ Direct Arc Reactor are low enough so that further' 
4 '  purification of the silicon can be effected-via segregation during crystal growth except for B 6 P. 
0 
Technology exists in the metallurgical industry for 
, scaling up the DAR process to any reasonable scale 
desired. 
1 
Silicon from the DAR can be effectively purified by 
Czochralski crystal growth to produce a polycrystalline 
I &  ingot with non-doping metal impurity concentrations 
equivalent to semiconductoa silicon. 
It  
, . 
1- 
$ The lowest boron concentration in the SoG-Si ingot 
!I 
attained within the scope of this contract is 7 ppma 
i i  (0.12 ohm-cm), with phosphorus compensation>of less 
n than 10% of the boron concentration. 
1 a 
! 
! I  . Single crystalline silicon ingots can be produced directly 
1 from ~polycrystalline SoG-SP using standard Czochralski 
11 crystal growth technology. 
i 
l b  
i' 
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A limited number of solar cells produced on such single 
crystalline silicon have demonstrated conversion 
efficiencies ,ranging from a Pow _of 7.2% (AMO, AR) to a 
high of >14% (AM1, AR) . 
At a 3300-MT/y rate, DAR-Si  can be produced for a cost of 
$2 .28/kg (1975 dollars, no prof it) . Advanced CZO 
technology could result in SoG-Si costing $7.54/kg. 
The Dow Corning Process would require only a 5-month 
payback time using solar cells to replenish the energy 
used in silicon production. The energy-use analysis 1:: 
includes the energy equivalent conqumed in all raw , <I 
'materials and associated processing. 0 
0 
X. RECOMMENDATIONS 
C Further developnent of the Dow Corning $bcess for 5 
SoG-Si should continue at a pilot-plant scaBe based upon 
Y 
(1) the technical success demonstrated during this contract, 
(2 )  the very low-cost potential, for the final product, and 
(3) the commercially-available technology already ?xist- 
ing in industry that can be directly applied to the scale- 
up of the two process steps. 
Pilot-plant-scale development must address two objectives: 
(1) demonstration of technological feasibility on a scale 
and level of sophistication more closely approximating that 
I of an actual plant; and (2) production of SoG-Si at a scale 
that will provide silicon at a cost low enough to allow the 
array manufacturer to drop his price, thereby opening markets 
Lor new applications. This will complete the circle by 
" causing greater demand for silicon such that its price will 
.. 
drop further due to increased volume of production. 
e The remaining recomendations'address details that must \\ be accomplished for process scale-up. 
A reliable analytical technique is required as a 
quality assurance tool for determining boron and ,, 
phosphorus in quartz and carbon to a lower limit 
of about 0.1 ppmw. Analytical methods are not 
7 
sufficient at the 1 ppmw level. 
Quartz sand, which is purer in boron than,vein 
, 1, 
quartz, should be examined as a bettex source of 
silica for the carbothermic reduction process. 
0 Greater control must be obtained over the production 
of carbon black pellets. This should be done either 
in-house by tka;DAR-Si producer or directly at the 
manufacturer of carbon black itself. 
h 
0 More s o p h i s t i ~ a t e d ; ~ ~ h a n d l i n g  of raw materials must 
- < [  &d 
be developed at th& DAR-Si pilot plant. II 
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L> 
Large-diameter Czochralski-pulling technolagy must 
be developed if the required cost far SoG-Sf need 
be considerably lower than $lO/kg (1975 dollars). 
.\ 
Alternative processing of DAR-Si should be investigated. 
Crystal growth methods such as Bridgman or the Heat- 
Exchanger-Method* are less technologically developed 
for silicon but they do offer possible cost advantages. 
Much more thorough evaluation is required of silicon 
', in terms of solar cell performance. 
DAR-Si and its purified SoG-Si form should be tested 
for fabrication into polycrystalline or multicrystalline 
solar cells using casting techniques such as 
Ksliotronic's Silso Process. 
11 
w 
C 
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* Crystal syst&ms Incorporated, Salem, MA. + 
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APPENDIX A l .  IMPURITY ANAILYSES OF ARKANSAS CLEAR QUARTZ 
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APPENDIX A2. IMPURITY ANALYSES OF ARKANSAS SEMI-CLEAR QUARTZ 
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* Number not inckuded in calculated average. 
+ Averages for Al, B, Fe, and P include sample numbers 62through 628. 
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il 
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APPENDIX A4. IMIeURITY ANLYSES OF BRITISH COLUMBIA QUARTZ 
i) 
1* 
Impurity 1 =; Sample Number < 
(ppmw) 1256 257 258 282 298 299 3 0 0  301 302 487 488 547 548 609 619 620 630 
" * Averages for A l ,  8 ,  Fe and P include sample numbers 128 through 630 (see text for discussion). 

APPENDIX C. CROSS REFERENCE OF CARBON BLACK SAMPLE 
NUMBERS WITH SUPPLIERS OF MATERIALS 
I T  Sample 
4 
I 
Number  Suppl ie r  
C a b o t  C o r p .  
T r a d e  Name 
Monarch 7 0 0  
I !  !i CB2 C a b o t  C o r p .  Monarch 1 3 0 0  
8 CB3 C a b o t  C o r p .  h l f t e x  8 
I 
1 5  
4 CB4 C a b o t  C o r p .  E l P t e x  1 2  
ii 
i CB5 IMC T h e r m a x  S t a i n l e s s  4 CB6 C a b o t  C o r p .  V u l c a n  3 H  
1 CB7 C a b o t  C o r p  . V u l c a n  6-LM 
8 
d CB8 C a b o t  C o r p .  S t e r l i n g  NS-1 @ CB9 , C a b c t t  C o r p .  Mogul-L 
CBlO C i t i e s  Service Sta tex  SL-4670  
i 
C B l l  C i t i e s  Service R a v e n  S L - 4 7 0 1  
CB12 C a b o t  C o r p .  S t e r l i ng  R 
CB13 C o n E i n e n t a l  C a r b o n  C o n t i n e x  N375  
CB14 con t inen ta l  C a r b o n  C o n t i n e x  N234 
a \  
CB15 C o n t i n e n t a l  C a r b o n  C o n t i n e x  N326 
CB16 C o n t i n e n t a l  C a r b o n  C o n t i n e x  N650 
CB17 S c h w a n i g a n  C h e m i c a l  1 ( 
CB18 P h i l i p s  Chemica l .  P h i l b l a c k  N l i O  
CB19 P h i l i p s  C h e m i c a l  P h i l b l a c k  N660 
CB20 C a b o t  C o r p .  R e g a l  6 6 0  R 
CB21 C a b o t  C o r p .  S t e r l i n g  NS 
C a b o t  C o r p .  CSX 133 
